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divided into three groups on the basis of fecundity relationships, and
into two groups based on whether they appear to spawn throughout the
year or periodically. Characterization of species as continuous or
periodic spawners was based upon presence of ripe eggs throughout the
year, presence of ripe eggs seasonally, or size distributions of ovarian
eggs in ripe females.

Species which spawn throughout the year are all primarily abyssal
(>2,100 m). Those spawning at relatively long intervals (the durations
and frequencies of which are generally unknown) are bathyal and abyssal.
All ripe females had large (2.5-8.0 mm diameter) eggs. Maximum fecundities
of the species ranged from six to 1,277.

Based upon previously published information and the new data, a
possible life history for abyssal liparids is constructed.
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especially south of 70 S, and may be transported there by wind, mid-water
turbid layers, or bottom waters flowing north through the deep ocean
basins. Sediments become finer grained away from shore as coarse
terrigenous particles settle out. The more humid climate of northern
Peru produces finer fluvial sediments there than to the south. This
textural change also appears in adjacent marine sediments. In the Peru
Basin, bottom nepheloid layers are found where clay-sized terrigenous
material dominates the sediments. On the adjacent Galapagos Rise,
however, nepheloid layers are absent, and eolian-derived sedimentary
components in the <5p size range may exceed those transported to the area
by currents.

R-mode factor analysis has outlined sediment constituents fromi the
geochemical data. Terrigenous components dominate the slowly accumulating
clay-sized sediments of the Peru and Chile Basins, and the coarser, more
rapidly forming margin deposits south of 140 S. Biogenic deposits form at
intermediate rates on topographic highs on the Nazca plate. Very slow
hydrogenous sedimentation occurs in the seaward portions of the deep basins.
Sediments rich in organic components are concentrated in rapidly forming
deposits along the margin north of 140S, beneath centers of strong
coastal upwelling.

Several distinct sediment accumulations have been mapped on the conti-
nental shelf and upper slope. An upper-slope deposit is anomalously fine
grained and organic rich; it lies between 10.50 S and 13.60 S, in the region
of most intense upwelling. Preservation of this body is enhanced by
the inclusion of fine inorganic material in biogenic fecal pellets,
and by the impingement of the shallow-water oxygen minimum layer on the
slope at the same level.
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continental margins at depths of about 200 m between =9 and 23
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the core depth of the oxygen minimum layer. A nitrite maximum and a nitrate
minimum were also observed at or near the particle maximum core depth south
of =90 S. Near 40S, a weak nitrite maximum was observed within the oxygen
minimum layer at some stations. The protein distribution near 150S suggests
that the material in the particle maximum contains significant amounts of
organic matter.

The distribution of the particle maximum layer between 9 and 230S and
its relations to the density field and the cross-shelf flow suggest that
most of the particles could originate in the bottom waters over the outer
continental shelf and be transported offshore in a quasi-horizontal path.

Offshore particle transport near the equator is probably supported
by a westward current off northern Peru between and under the eastward
extension of the Equatorial Undercurrent and the Subsurface South
Equatorial Countercurrent. However, the source of the particles in this
=400-m maximum has not been determined.
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Organic detritus passing from the sea surface through the water column

to the sea floor controls nutrient regeneration, fules benthic life and

affects burial of organic carbon in the sediment recordl
- 3 . Particle trap

systems have enabled the first quantification of this important process.

The results suggest that the dominant michanism of vertical transport is

by rapid settling of rare large particles, most likely of faecal pellets
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frequent small particles have an insignificant role in vertical mass
flux.4 -6  The ultimate source of organic detritus is biological product-
ion in surface waters of the oceans. I determine here an empirical
relationship that predicts organic carbon flux at any depth in the oceans
below the base of the euphotic zone as a function of the mean net
primary production rate at the surface and depth-dependent consumption.
Such a relationship aids in estimating rates of decay of organic matter
in the water column, benthic and water column respiration of oxygen in
the deep sea and burial of organic carbon in the sediment record.
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The vertical flux of biogenous organic matter to the sediment surface is

a function of water depth and primary productivity; this relationship

can be expressed empirically as:
(1) org-Cflux = 5.9 • depth 0.616. productivity

Upon descent through the water column and prior to burial, biogenous detrital

organic matter undergoes strong elemental fractionation by preferential

removal of nitrogenous and P-containing organic compounds. At the water-
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sediment interface, a portion of the detritus is converted into biomass by
benthic organisms, which concentrate nitrogen and phosphorus relative to carbon.
These two processes are reflected in the elemental composition of sedimentary
organic matter. A third process concentrates organic matter in sediments by
sorption onto clays. This sorbed material is high in organic-N and devoid of
organic-P; its relative abundance is highly only in pelagic clays. The
concentrations of each of the three forms of organic matter - detrital,
biomass, and sorbed - can be calculated from the following expressions:

(2) org-Csorb - 0.005 A1203

(3) oxg-Cdetr = org-Ctotal-org-Csorb - e'org-Ntotal

(I - e/f)

(4) org-Cbiom" = org-Ctotal-org-Cdetr.-org-Csorb

where e and f are the C/N elemental weight ratios of biomass and detritus
respectively.
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Aspects of Reproduction of' Liparid Fishes froi f the
Continental Slope and Ahyssal Plain off Oregon,

with Notes on Growth

D)AVlID L. S rE:l

Reproduction of 13 species of bathyal and abyssal benthic liparids (Osteodiscus
cascadiae, Acantholiparis opercularis, Paraliparis latifrons, P. rosaceus, P. megalo-
pus, P. mento, P. cephalus, Careoractus melanurus, C. microstomus, C. oregonensis,
C. ovigerum, C. tongififis, and C. filamentosus) off the coast of Oregon was studied.
Information on fecundity, reproductive periodicity, size at maturity and length-
weight relationships were obtained from all but P. cephalus and C. filamentosus.
These species can be divided into three groups on the basis of fecundity rela-
tionships, and into two groups based on whether they appear to spawn throughout
the year or periodically. Characterization of species as continuous or periodic
spawners was based upon presence of ripe eggs throughout the year, presence of
ripe. eggs seasonally, or size distributions of ovarian eggs in ripe females.

Species which spawn throughout the year are all primarily abyssal (>2,100 m).
Those spawning at relatively long intervals (the durations and frequencies of
which are generally unknown) are bathyal and abyssal. All ripe females had large
(2.5-8.0 mm diameter) eggs. Maximum fecundities of the species ranged from
six to 1,277.

Based upon previously published information and the new data, a possible life
history for abyssal liparids is constructed

HE .iparidae contains several hundred Paralipari, calidu.. Wenner (1979) described tile
species. occurs in all the oceans of the occurrence of Paralipaii.s garmani, P. Crpei, P.

world and is distributed from the intertidal to calidu., sizes of ovarian eggs, testes and feeding
the hadal zones. Despite this, little is known habits, and speculated about possible mouth
about liparid reproduction. brooding by P. garmani males. Some species of

Knowledge about liparid reproduction is of Careproctus are known to lay eggs in lithodid
interest and importance. First, because the ain- crabs (Hunter, 1969: Parrish, 1972: Peden and
ilv is one of the few with an extremely broad Corbett, 1973).
depth distribution, it allows comparison of re- This paper describes the results of a stud% of
productive habits of relatively closely related the eggs, fecundity, reproductive periodicis.,
shallow and deep water species. Second, such size at maturity and length-weight relationships
knowledge can help decide whether or not of 13 species of liparids in four genera. These
deep sea animals reproduce periodically or species occur between 20) and 3,585 in off the
continuously. coast of Oregon, and were described or rede-

Most knowledge ofliparid reproduction con- scribed by Stein (1978). lhey are Careprw-lt%
cerns shallow water species. Able and Musick longfibs (;arman, C. micrvoaomu Stein, C. lh-
(1976: Lipmris inquinl.o) and Detwyler (1963: mento... Stein, C. (A raem.i. Stein. (. 'iIgerum
Lipari.% alantiu.) (lescribed egg sizes, spawning ((;ilbert). C. melarru., (;ilbert. ().teodivus.
perio(ls an(I growth of the two species. There iadine Stein. *caitinlipari, Ppoeculari% Gilbert
have been many miscellaneous observations of and Burke, Pardihp.ri% rneaue., ;ilbert, P. me-
egg size, development or time of spawning in galopu, Stein, P. cep/alt. (;ilbert. 1. I ti/ro.,
various species (McIntosh, 1885: Collett, 1909: Garman, and P. menlo (;ilbert.
Schmidt, 1916; Aoyama, 1959: Johnson. 1969:
Hart, 1973: l)eMartini, 1978). MI..T rIt...s tnD Mt. Irions

Much less is known about reproduction of"
(feel) water species. Since the review of repro- All but I I of the specimens exarnined were
duction in (feep water liparids inchlde(d in obtained from the l atloiln trawl collections de-
MeaI el al. (1964), little knowledge has been scribed In Stein (1978) andi made over a period
added. Cohen (1968) mentioned egg sizes of of about 14 %cars. Eleven specimens of (. me-

5,. ri.iiitt.ts.'.s °n, ietwnhg.,
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I S 1. SPE 4 It+1 E EX. AMIi-I). 11 1 4P I iS ROM W (:l lit l ( . ts., N t samviMs EX MINI) ANl) I1 11 (%1 it11%

IN 'Il ll I l ik% WF.R ('l)1 I kI: I 1I). MOln[its Wei.' nOt saiaapled e(Iiail,. N Utl 'i % of %e)tiIW!ns (to notf i epa 'el t
I clatike ahlidames of ilikhhakb % ilhill ol ailonng %pvc it,.

nu N an F,,1 NJ., Apl i.\. J.-m J.li Aug 51pt Oil %... 1k,

p. opridart, I ,900-2,997 61 10 35 3 7 2 2 2
;. filamentomu 2,851) I 1

(. I011tri/lh5 2.803-2.816 3 1 I I
C. melaptiou 190- 1,600 26 2 3 3 8 4 I 2 2 I
C. nmtr.otomu 2,740-3,585 3 1 I 1

C. morioenm 1,900-2,760 2 1 ]
C. ",T'germ 2,5 10 I 1
0. sa .aahae 1,900-2.997 130 6 28 26 6 14 17 6 12 15
1'. 1ephalu 58(0-960 12 I 3 I 2 4 I
1'. latn 2,225-2,763 38 14 8 14 2
P. Megulropu, 2,825-3,585 5 I I I 2
1'. menl., 800-960 2 2
P. atmeu, 2.540-2,809 5 I 4

/anuru were borrowed frorn the fish collection distribution of eggs of diflerent sizes. hI'e sub-
of the )epartment of Fisheries and Wildlife, sample was weighed and the eggs in it inca-
Oregon State University. All specimens were sured and counted. The number of eggs of (lit-
initiallv tixedl in I01 formalin solution and lat- terent sizes contained in the whole ovar an(
er transterred to 4517 isopropanol. Standard Ix)th ovaries were then estimated Ih piopor-
lengths of all individuals were measred to the tion. In C. otvigerum, because of tile sipe of tile
nearest millimeter. Specimens were weighed to ovaries and difficulties involved in adequately
the nearest 0. 1 g. When possible, both ovaries subsampling the eggs, only eggs from the right
of females were removed, lightly blotted with ovary >2.87 ann were counted and measured.
absorbent paper, and weighed to the naearest Fecundi' was estimaied ats the total mnnber of
0.001 g. Such accuracy wits necessary because ripe eggs present in each female.
ovaries and testes of immature individuals Mature (ripe) eggs were comparatively very
often weighed less than 0.001 g. Both testes of large, yolk-filled, barely translucent, with a
nale .4rantholiparis operculari , Paraliparis lati- hard, tough chorionic membrane, almost coin-

Iron.% and testes of selected males of other species pletely free of ovarian tissues Awithin the ovary

were removed, blotted and weighed as above. (i.e. nearly ovulated). Maturing (ripening) eggs
Eggs were measured to the nearest 0.17 mn were large, yolky, with a tough chorionic mein-

tising an ocular micrometer and a binocular brane, firmly held in ovarian tissue. Immature
dissecting microscope. All measurements are of eggs were relatively small, transparent, solk-
greatest diameter of preserved eggs. Johnsen free, verv firmly embedded in ovarian tis.ties.
(1921) found that 5.0-5.5 atin fresh eggs could Females considered read.y to spawn or
shrink 0.3-1.0 trin in preseration. Because all spawning (ripe) had ovaries containing mature
specimens were preserved similarly, it wits its- eggs. Spawning females had ovaries with ripe
sined that egg sizes, ovary weights, standard eggs and "large empty spaces" (usually clearly
lengths and fish weights were comparable. the size and shape of indisidual ripe eggs).
W hen <50 ripe eggs/ovary were present, all Spent females had flaccid ovaries with no ripe
eggs (from both ovaries) with a largest diameter eggs present. All females longer than the short-
greater than or equal to 0.37 tni (the size he- est female of that species having ripe eggs were
low which egg measurement and enuneration considered mature, whereas all emales shorter
was too difficult) were measured and counted. than the shortest female with ripe eggs were
With the exception of the eggs of' C. migerum. considered immature. Minimum length at fe-
if >50 ripe eggs/ovary were present it repre- male maturity was that of the shortest female
sentative subsample (ca. 50 ripe eggs plus a pro- with ripe eggs of that species.
portionate number of unripe eggs) was re- Ripe males had swollen, translucent, white.
moved after ascertaining the intra-ovarian reticulated testes. Unripe males had thin.

.... ~~~~~~~~~ -. ---------L. .. . ...- u "- .... .. gl.[. . . - [ - k J _
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o)aque. (rIt'dinli-4 ed, lusually short testes. ,y
Milunilun lengtih at male nlaltllit was that of
the sholtest nale with ripe testes of, hat s pecies.

(oclusions tolncerning (o iIliiy of spawn-
ing were based on timnes of* otc'urlelnte of ripe ,I (A)
fei.males and oin size (list rihut ions of ovarian Oseodsc u sc, cdg

eggs in ripe femnales. species were considered 8 ai SL

to be "'outinuous" spawners if ritp felnales
were .' ,kred thr)ughout the year or if' ovari--
ian egg sizes in ripe females were widely dis-
irihuted ("long spawning period" of H ickli ng
and Rutenlerg, 1936). Species were considered
to be "periodic" spawners if ripe felnales were
present part of the year or if size (listrihutions 1,000

of ovarian eggs in ripe females were narrowly
distributed ("short and definite spawning pe-
riod' of' Hickling and Rutenfberg, 19:36). ( (B)

Length-weight relationships were described Osfeod scus c0sc0v

using a regression e(uation of the general form 4 Ae 1972

W aSL[b, where W = whole body weight in c9t st
W

grams, S1. = standard length in tmn, and a anid: C

b are constants. z

Rt:si.is

OteM'loco r'aradiae: One hundred thirty in- 01
dividuals (69 females, 30-81 un; 61 males. 33-
71 nlt) captured diing nine ionths of the
year ('able i) were examined. Ail males with (C)
large testes had a prominent genital papilla. (C)&Od$CU COSCadAN

Maximum egg diameter was 5.29 min. Eggs 15 a/u 1972

were not segregated by size within the ovaries;
the largest eggs occupied tnost of the space,
with smaller eggs filling the interstices. Those
>2.00 mm occurred in distinct size groups
composed of* few eggs (Fig. i). Three females
had eggs >5.00 onit, 18 females had eggs he-
tween 4.00 and 4.99 mn and 9 had eggs le- " 20 40 C 61,
tween 3.00 and 3.99 mm. 'he total number of EGG DIAME TER (m,)
ripe eggs (>4.00 mmn)/feinale ranged from I to Fig. I. Size (list ifiiitioins ot Otarial eggs ill Ihi't'
7, the mean was 4.05 and the mode was :3 (6 inature |elenales (.AX) spent, B) Aithl nialttuing eggs. C:)
fenales). There was no clear relationship be- ready to spawn) of Oqtodu, itc,,idiaw (apuiimred %i, i-
tween fecundity and length. Females mature by i5 wo weeks.

ca. 65 min (Fig. 2).
Ripe females occurred in January, February,

March, May, Jtne, July and October. Females males are described by W = 3.303 x 10 HS1.3
.

13
,

which appeared to have spawned recently oc- and W = 1.294 x It) ISI,71 respectively.
curred in March, June and July (Fig. 3). Adult .ength-weight relationships ior all individuals
females with maturing eggs, ready t) spawn or are described by W = 5.268S1.3"1. Large yar-
spent ocurredf simultaneously (Fig. 1). Ripe ations in a(ult fenale weights result from the
males were found in Febiruary, March, May, highly variable number of large eggs present.
June, July and October. Spawning probably
takes place all year, eggs being laid in small ,*anthohpairns (I ercularn : Sixty-one individuals
clutches or (perhaps) singly. (36 females, 34-75 mam; 25 males, 32-58 mm)

Length-weight relationships of females and were examined. They were captured during

--
_4L
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.4conihohipors operculons "'~'%

Coepoc5 mTs e/O/sLn..S lnellew$A u

E

Osods.s coseodiae

Fig. 3. Maximum size of ovarian eggs present in
,. .,'.. mature individuals ot .uinthohlipn., opehm,, (are-

prm-stmt,, ,lanuri,. O~ttfei~cus (aAcadrae and Parahparts
latifrort, at date of capture. o = spent or spawning

* individual.

Porarhporis Iotofrons

. ,'Females mature by ca. 51 mm SI. (Fig. 2).
I.ength of' males at maturity could not he de-
termined from the specimens available.

Ripe females occurred in February, March,
- Sf.- June, July, September and possibly November.

40 o " Possibly spent females occurred in February
SL (..) and March (Fig. 3). Males which appeared ripe

Fig. 2. Standard lengths at sexual maturity of fe- occurred in March, July and August. Spawning
male .Acantholipari operouloari, (areprolnu e meianuruo, probably takes place throughout the year, few
OIettiru.s ctrcadia e and Paraliparis Iiaron.. eggs being laid at any one time.

L.ength-weight relationships of females and
males are about the same, W = 8.136 x

seven months of the year (Table I). No distinct 10 7S1.3 " and W = 9.423 x 10-i 7SU.-, respec-
external sexual dimorphism was evident. tively. The combined relationship is W = 8.05 X

Maximum egg diameter was 4.96 mm, but 10 7S.-1.45 .
the one egg of this size may have been distort-
ed; the next largest egg was 4.80 mm. Egg dis- Paralipari latl/ions: Thirty-eight specimens
tribution in the ovaries was similar to that in 0. (22 females, 34-96 mm: 16 males, 31-88 mm),
ca.scadiae. Eggs occurred in distinct size groups, captured during four months of the year (Ta-
each of which contained relatively few eggs ex- hie 1), were examined. Males with ripe testes
cept for those less than 1.00 mm (Fig. 4). had a well developed genital papilla.
Twelve females, SI. 51-75 tmm, had ripe eggs Maximum egg diameter was 4.47 mm. Egg
(>4.00 mm). No female less than 51 mtn had distribution within tile ovaries was similar to
eggs >0.74 mm. The number of ripe eggs per that of 0. ca.radine. Eggs formed distinct size
female ranged from I to 6; the mean number groups; groups of eggs > 1.35 min contained
of ripe eggs was 3.2, although the mode was I. relatively few eggs (Fig. 4). Six females, 61-96

l)tv females 65 mtn or longer contained 4 or tnm, had 2 to 8 ripe eggs (>4.00 mim); tile imean
ripe eggs. One 51 mm female had it ripe was 3.7, the mode was 2. Although the 96 mm

.1 the right ovary and none over 0.50 mm female had the most ripe eggs, there was no
ft. clear relationship between length and number

A -.. -
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1000!

100 Aconholpors operculors Coreproc $ gf,

18 March /970 2.9 March 196-9

70mm SL Wmm SL

10

0

100

W Creproctus microsOfs Careprochus oregonensis

5 O 0ctor 1 9 Moy 197

S10-

100

loorit7

20 Otb r16 /52 mm At

______ 5 ___ /6

O 20 40 60 s0 0 20 40 6,0 8,0

EGG DIAMETER (mm)
Fig. 4. Site distrihutiols (f (5.;trian eggs ill individual alltinte eieales of .t-antho/irinn opircu/aro, (:(I,-

prortu. tlifi., (. mie rrtom , C, orpegong(n.sPo, eira/ipari , tifr,, arid P. megalopu. witi daltes of captures ndi i

S..

of ripe eggs. Females mature at about 61 im sexes combined is described by W = 6.56 x

(Fig. 2). I) IS!.' 47. The length-weight relationship of
Ripe females were captured in March, july,  females is described by W = 5.19) x 10 "SI.

September and October (Fig. 3). Apparently Insufficient numbers of males were examined
ripe males were collected in March and Sep- to determine a separate 1JW curve.
tember. Spawning in this species probably oc-
curs throughout the year. Car 'rprlw ,eaninru.: Twenty-six specimens

The length-weight relationship for both (15 females. 92-312 miln: I I males, 126-278

.I

I t~.** . ,
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" Caf Coreuo mes oiwur

Cardproct$ hi fkkus /0 $ tlembr /.97/

30il ISM 451mm A
04 mm SL

mento
26 JANUARY 1973 Po/alioris roSoCeus
i4n , St A9 JAAARY /970

3?Wnm, St

Fig. 5. Size distributions of ovarian eggs in individual mature females of Careprortu., melanuru., C. onagerum,
Parabpqrt 1,Mento and P. res.ru , with dates of (ap ture tl nI.. L Eggs of (. nigerum smaller than i2.S7 11n
were not ()tiunted.

mm) captured during nine months of the year and June (Fig. 3) although large females were
(Table I) were examined. Mature males are ex- collected in March, April, .June and October.
ternally distinguishable frot females by pos- Males with the largest testes were collected in
session of a genital papilla tip to 7 mm long. June (0.857 total weight) and in September

Maximum egg diameter was 4.63 mm: these (0 .93%/ total weight). Ripe or maturing iermales
eggs were completely free within the lumen of were collected at 200. 265, 274-430 and 1,300
the ovary. Ripe eggs (>3.84 mm) filled the an- tn depth.
terior half' of the ovary and distinctly smaller The length-weight relationship lor hoth
unripe eggs filled the posterior half. Maximum sexes cotnbined is described by W S. 160 X
observed fecundity was 534. Ripe eggs coin- 10 'St."": for females, by W = 7.617 x
posed tip to 73% of ovarian weight. The ripe 10 "S1.51'". Insuflicient numbers of males were
eggs formt a group widely separated from the examined to determine a separate 11W curve.
smaller eggs (Fig. 5).

l.ength of female G. melanuru. at maturity Carepr(,ou. miro,omu.s: lhree females (178,
could not he precisely determined because of 183. 197 mnm) captured in February. March antd
small sample size and highly variable egg size, October, respectively, were examined.
but it appears to be between 200 and 220 mm Maximum egg diameters were 6.60 mm, 6.11
(Fig. 2). Sample size was too small to conclude mm and 7.58 mn, respectively. The ovaries of
that the sexes have different maximum sizes, the longest female contained 15 ripe eggs

Spawning may be seasonal; the only females (-7.00 nmn); the next largest eggs present were
with eggs over 4.0 mm were captured in April 4.76 mm (Fig. 4). Ovaries of the other females

----
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contained no eggs as large its 7 oi bill did Patalipari meg alu: Fivse speiruens (thrtee
have I I (lelt ovar'y oly,) arid 19 (both ovariets) femar les, I37, 150, 152 frui t-'o inales, 114. 132
eggs >6.00 nun1a. lThe largest eggs of tie 178 film) raptured diring four months of lie %car
run feruial" each t'oltailed if distint, luge oil (' able I), were examiiinetd.
droplet. l'here was no olivious sexual diniiphismn.

Size dist riut ions of, ova riaii eggs of three ()ll.l olne feniuaie 152 filil). ollected iniJanuarY)
ripe feurales suggest that rlliihers of this had large eggs, of whith tile largest was 4.31
Species rIla, spawn contintouislv. ruit. Egg sit groups Wetre 11it (4 it :is tistill(t

ais those of trialli of tie other species sitdied,

PaiwIpari% rescety, Five iurales (288-361 ailhough (te pattern was similar ro those of the

ruin) tired il r Janlaii aid Marh. were ex- otirinuLiilis spawnerls (Fig. 4). l'here were 32

aniinet. ripe (>3.62 min) eggs presertr with inarr

-he largest egg wats 3.65 fili. iiUrier if grou ps of' slaller eggs also )reselnt. -he miales,
(listirnct size grotlpS were pr-estrrt ins two speci- captured during October. were apparently

inlis. The oaries of, a1 I'ellaile (ci. 350 rrili) ripe. Site distribution of' ovarian eggs in this
re.di to spawn captrrred in .ariUll- were swol- feiiale possibll suggest prolonigel or- continti-
lefn and contained two groups of' eggs; 3.32- Otis spawning.
3.65 milm. il < 1.35 mm (Fig. 5). Estimated
number of* ripe eggs was 1,277. The ovaries of "(arepr'rhtm I %:rgt/lit." Three feiale specinens,
another female (333 Inin SI.) captured in 146. 162, 162 min, captured in FetrUarv,
March. dii riot contain any eggs larger than March arlld November, r'espectively, were ex-

1.68 full). anirinetd. [he feinale toilected inl November had
P. rosaceru. appeal-s to spawn at least irl the eggs till to 7.09 rim diameter (Fig. 4). [here

winter. lie 333 rilm feiale discussed above were 16 r-ipe (>6.31 min) eggs presen. The

otildl have spawned earlier. A third erniale 146 fim specimen contained eggs trp to 1.52
(March: 361 min) had at group of relatively firm; the 162 min female collected in March had
small develioping eggs, perhaps indicating re- only eggs <0.86 film. Sizte distribution of ovar-
covel from y much earlier spwliing. an eggs in a1 ripe female possibly stggests pro-

longed oir 'ontinuutls spawning.

(;areprl'tu, or'gtrei'%: Iwo females (919, 153 Parhipari.p inetl: Two specimens (female, 114
tin) captured in May alid July, were examined. min; male, 95 min), captured in January ([able
Largest eggs were 5.62 in and 5.29 imi re- 1), were examined. There was io obvious sextual
spectively. The ovary of* the larger female con- dimorphism. The largest egg was 2.50 irm.
tained five eggs -5.00 turn and five eggs be- Eggs of different sites were evenly distrihuted
tweers 4.51-4.99 min. [he ovary of the smaller throughout the ovaries.There were two groups
conritainsedl three eggs -5 rin anl four eggs be- of differerit size eggs: (ripe) 2.00-2.50 rin (101
tween 4.26 mn and 5.00 mIn (liaieter (Fig. 4). eggs) and < 1.00 tinn (Fig. 5). The male ap-
Size distributions of ovarian eggs if the ripe peared to be ripe. Size distributioni (if ovarian
fenales stuggest that this species ina have pro- eggs in lie ripe femnale stggests possible fperi-
longed or coniinuous spawning. Odic spawning.

(Careproctus ovigerurn: One fenile. 431 mIn, Paralipari. cephanui.: Twelve specimens (six fe-
captured in September, wats examined. Maxi- iales., 37-83 int: six males, 58-82 tirn) caip-
num egg diameter wats 7.75 rin. 'he right tured dtrring six months iif the V-ear (Table I)
ovary contained 936 eggs >5.25 trin, grotrped were examined. lhere was no obvious sexual
in two distinct size modes close toigether but dinorphism. Maximum egg diameter was 0.86
widely separate(] from the next largest eggs min. No females had rmature eggs. One male
(2.87 rum) (Fig. 5). Estimated itrinuber of ripe (82 min) captured in jnuary had well devel-
eggs (6.93-7.75 mn) in ixth ovaries of' the oped testes and seemed to be ready to spawn.
specimen was 756. These eggs were free in the No conclrusions were made about reprod hllion
lumen ot the ovary; irmnatiure eggs were pe- of this species.
ripheral to theim. Size distribution of ovarian
eggs in this female suaggests spawning periods (:areplJracirts. rIaftnlfentors: One female (180 inr)
separated by long intervals. captured in Febriary wis examined. The larg-

----
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est eggs were 0.70 111m; they were ollvionsly hn- (1975) proposed that at least sole abyssal fishes
mature, with no obvious yolk, and a thin ontel spawn periodically, based on the presen(e of
muenbrane. the ovaries were relatively small. "glowilh (hecks" (Si nilal to (tose ill otoliths of
l'llere were no signs of recten spawning. No shallow water fishes) in the ololiihs of (,ry-
conclusiois were made about reproductiou of phaenoue% guenthert (Macrouridae, 1,800-3,00
ihis species. In), Bathy aur, moths (Bathysatridae. 4,240 it),

Ii.%tiubranchu. bath ,ybit (Synaph<oilrant-hidae,
li si; 1:t's i ".511 )' 4,700 II), A.?ltimtnba roishtrt (.Mor1i iae. 1,909 i11),

Colyphaenoidei leptolepi% ( Mtacouridae, .1.256 in)
Ihe question of whether seasonal reproduc- and C. aprniu~tis (Mitrouridae 4,256 and 2,750

tion exists at abyssal deptbs has been discussed in), and on the presence ofi a single group of
at least since Orton (1920) propose d that ani- larvae in the ovaries of Cataetvx latiep, a1 vivi-
inats living in stenotherial environments (po- parous brotulid front 1,889 in. Rannou himself
lar seas, great depths, tropics) reproduce con- pointed out that he did not know the length of
tinuously. Although the evidence is not tile periods which he felt were re)resented by
abundant, recent studies have shown that at the "checks."
least some endenic Antarctic henthic fishes have The conclusions reached here are that (on-
distinctly seasonal reprodtuction (Hureau, 1970) tinuous spawning, and possibly periodic spawn-
and that tropical reef fishes may either have ing (deposition of eggs at relatively long inter-
spawning peaks (Munro et al.. 1973) or pro- vals), exist in abyssal benthic liparids, and that
longed but distinct seasonal reproductive pe- at least some slope liparids probably spawn sea-
riods (Russell et al., 1977). Until now there has sonally. The species examined here can be ten-
been little evidence for or against the existence tativels' divided into two classes: continuous
of seasonal spawning of fishes in the abyss. spawners and periodic (at least some of which

Menzies et al. (1973) reviewed the evidence are probably seasonal) spawners. Species were
for seasonal and continuous spawning of abys- assigned to a group based upon capture of ripe
sal fishes and invertebrates. Based on their own females throughout the year (0. ca%cadiae, P.
studies of isopods and on those of'other groups lati/rons, A. operculari), capture of ripe fenales
by other atthors, Menzies et al. concluded that during part of the year (C. melarninu), and egg
"the fauna ... tends to show definite repro- size distributions in ripe fenales (all other
ductive periodism" but were unable to detn- species).
onstrate an environmental cue for it. Rokop Following the logic of Hickling and Ruten-
(1974) found year round asynchronous repro- berg (1936). de Vlaming (1974) and Rannou
duction in bathyal brittle stars and crustaceans, (1975). the presence of only one size group or
continuous reproduction in bivalves and a poly- two similar size groups of ripe (yolked) eggs,
chaete, and seasonal reproduction in it bathyal absence of intermediate size eggs, and presence
brachiopod and scaphopod. The last two were of a group of immature (volkless) eggs indicates
species from the continental shelf whose distri- that a species probably spawns only al relatively
butions extended into bathyal depths. He con- long intervals. Conversely, presence of Inans'
cluded that "year-round reproduction is the egg size groups indicate prolonged or contin-
common pattern in the deep-sea benthos." tious spawning. Based on these criteria, contin-

There is substantial evidence to show that nous spawners probably include Careproctus
bathyal fish species (primarily macrourids) ex- longifihs, C. microstonu., C. uregoneni,, %teodts-
hibit either seasonal or continuous reproduc- c1o cascadiae, Acantholri,. operculari., Paralhmq-
tion. Novikov (1970), Savvatimskii (1969), Hae- ris megalopus and P. latifron,. The periodic
drich and Polloni (1976), SI.O. (1975) and group probably includes Careproctlis Pnelanuru%,
Rannou (1976) showed that a number of' dif- C. o(,igerum Paralipar-i, mento and P. rosacelo.
ferent macrourid species which live on the con- Rates of oogenesis are unknown finr any abyssal
tinental slope have definite seasonal spawning. fishes. Rates of egg development in tile above
Nielsen (1969) concluded that an aphyonid, species could be very slow, individual females
also from the continental slope, has continuous spawning at long intervals, btit asynchronously
spawning. Mead et al. (1964) suggested that with most conspecifics. Although it is evident
abyssal benthic fishes would spawn continn- that spawning is asynchronous in 0. ca.admie,
ously, perhaps show parental care, and would .41. opercularik and P. lat/ron%, it seems unlikely
have low fecundity with large eggs. Rannou that fenales spawn only at long intervals. Al-

4 .* '.
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i si " 
'2. Si- 'ii U M %NxisIm m Iit(t I III I (.uRot Ps. % IS I I I su( n 11 jt si ut , %I -%ltn M l.(, ]I.M.I R%

.

SI.. ti .%, M IMtt 1. t %1 P t i l 1 I A l M ' E Iii ll RkPMVk% S I D I HN I lir 0% RIti%. C ( lil Ii ilU , P liticIlilit

SpmFl I .1

I .4. open u/hm 6 .4.96 75 16.95 C

C:. wo nol 10;I(l 5.612 15-3' 9.9m

0. t a<i duar 7 5i..q 1 8.33~ (

P. t1tI/lonL. 8 1.47 9( 9.2 1

II C. 1oFl,,lh ., 16 7.oc; 162 6 .99 1.
P. megal/opu. 32 1.3 1 152 7.60 C
C_ mermlrrut,,lt I5 7.58 197 5.80) (

III P. Hiento 101 2.50 114 10.32 P

C. mel uauru. 534 -4.63 3 12 4.43 P

C. ovigerum 756 7.75 431 1.23 P
P. ro if'e*. 1,277 3.65 361 6.66 P

most all adult females had ripe eggs. If spawn- tioiind with ripe egg% present ill various nunti-

ing occurs at long intervals and egg develop- hers; spenl, with no l lge eggs and io inter-
meut is slow, many adult females without ripe mediate (maturing) eggs; and with maturing
eggs should have heen captured. Fecundity is eggs (Fig. I). Males of these species appear to

extremely low in many species, which, if spawn- be ripe throughout the iear. (Cire)rpr-o.% longi-
ing occurred at long intervals, would result in fll%. C. rnicraltmnu%, C. tiiICotlevli. and P. Mega(-
few offspring. Very few spent 0. cascadiae and apt.o were included on the basis of egg si/e dis-
A. apercularis and no spent P. Iatiiror.r were cap- tributions and ocurrence of ripe males.
tured. Furthermore, the presence of' distinct Evidence is strongest for "periodic" spawning
groups of ripening (intermediate size) eggs may of (. melanul'.. which possibly spawns in spring
he evidence for relatively frequent replacement and summer. The only running ripe female
of spawned eggs. It seems tmost likely that found was captured at the end of April. Peden
spawning is not only asynchronous but that fe- and Corbett (1973) found eggs off British Co-
males spawn relatively frequently throughout lumbia in June, which they concluded (based
the year. on tneristic characters of larvae and size of egg
The continuous spawning group includes masses) were probably froni C. melafnurn%. Par-

three species which are known to spawn rish (1972) reported larvae and hatching eggs
throughout the year: 0. ra.srcadiae, .4. operculari.% off Monterey, California in mid-October, al-
and P. lati/ors. Ripe females of the first two though he did not describe how they were iden-
species were captured during all seasons, and tilied. These occurrences are widely separated
the last during three seasons of the year. Adulis geographically, and nay have been from waters
of all of these species are less than 200 mm of different temperatures. C. mnrmuru% may
long, and have similar size distributions and have a prolonged spawning season from early
numbers of eggs. They have few (often very spring to late sunmer (depending oil presently
few) ripe eggs present at one time; the larg- unknown liactors).
est eggs are distinctly hit not necessarily widely Why C. nvigerum and P. rn'eICeu .'., the two harg-
separated from the next largest size mode of est (of ten) abyssal species. would have periodic
eggs; and there is usually at least one group of reproduction is unclear. Stein (1978) suggested
intermediate sized eggs between the smallest, that C. ovigerum, which diplays few of the mor-
least mature eggs and the largest, most mature phological characleristics of"lVpical' abvssal Ii-
ones. All the species in this group are abyssal: parids, represents a more recent inasion of
the shallowest occurring species are C. IonAiuliv deep water h liparids. Periodic spawning of
and .4. opercularis, which reach 1,900 in, the this species could he a relict behavior. Shallow
base of the continental slope. Mature female 0. water liparids spawi seasonally, ahhough
rawadiar captured in the sanie month were spawning periols may be prolonged (Detwyler.
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Fig. 6. Relationship of maximumn f'en rid its' %'. mixini SI. and maximum n7c l bod% weight of osaries for
I I spet ies of fipal ids.

1963; Bredler and Rosen. I 966: Able and %iu- eggs present at once) versus periodic spawning
sick, 1976). However, Parahlipi% rosaceu.s is at (inan, ripe eggs present at once).
typical abyssal I iparid in all respects except. pe- ( ;real dIifferences in numibil ers of' ripe eggs
haps, its S ite. It has at relat ivel witde dlepth dIis- present per femrale nias ntot reflect actutal y'early'
tribti on (1,.799-3,358 in) (Stein, 1978), which spawn inigeffort. li t e raite of egg (Ies'el)ileCt
extendis tip otnto the ltower contintal slope, and deposition in Group I is high (i.e.. onl the
where it coul ht e affected by seastonally occur- rder of two eggs peir week) thle total rio in bei'
ring environmental events. of' eggs spawned oiver at long period (for ex-

These I ipai-id Species cal ASO he (Iiv-itfeo into aMipie, a W'ar) cc ould approach that of' soln of'
three grotips based tipon maxiimumi f'ecuindity the hperiodlic spawners. Iit a icnale 0. (YL.(adiee
(TFable 2). T hese groups are: G roup 1. species produces 100 eggs a year,. and if' a female P.
p~rodi((ing fewer than tenl ripe eggs at one lttle; mento spawns once at yeari, rtheir y'ear'IN egg iloni1-
Group 11, species with 10- 100f ripe eggs. Grou p her %%ould 1 e siiilar . 'lius. egg prodution i 0 of'
fIll. species prodtticing mnoie than) 1 II ripe eggs many species mlight fe appro x imiiaiek eli'te sairue.
at ronce. T'hese gtrotips aliso generally dIividle the althotutgh the energy dlevo tedl to it woo 1(1 not
sp~ecsy len gth. Paralipeiri% mfento is the only necessarily. be eqtual.
species whiitli falls b~etween grotips (i/l:it's Maximuim gonrad weights (expressed ats at
fectirdity is barely' high enlough tom place it in percentage ofi tot al body weight) (to not show%
Grotip [ill, butt its length places it in Gru ~tii. d iffterences ats great as egg numi ibers, anrd a re

A' piot of' species inaxarnuni letngth agarinst mnax- inversely related to fectinditv, (Fig. 7?. 'Ihe go-
inuirn fecti nd ity diemnistrates at significa nt re- nadls of' thle "t.oii n itiOs" spilaw nerS are- rlatliv-
lationship (Fig. 6). demonstrating a c-lose relit- lvarger- than those of' the "periodic" species.
tionship between mraxiimum si/e of species and '[ie liparids all produce large eggs: yet the
fcutndity. Fecundity differences between species large species invest relatively less etiergy (i.e.,
seen to reflect conitinouts spawning (few ripe have relatively lower gonad:bodv weights) in

.- '4
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I elodli (it I v1) rod it[-,. Ihi I I i l.. it.1 beaIIIit-]. g% 1ial'., lIdtd dIt'\tliogl .1.,5 inl t'g ", lin Ilk, moutih

sai5ilig allip \ltaion, Ihe lestill It ilit itlit in i'.lInli %%he pll rellt.d I. l ' t'. l, i'.I ' i egg'. of ithe
paret'nal t avet, o til l " ttilt of oli' talllt (ifi- siite( it'sa ei almoshtk S 1111ni, So+ lte lhlt pv" ,i1llcsl

teltuii ilt' afftrtiig ' k. i 'i l of oltt.plilg i f lalge i ert aiil'. [tili egg',s of ililotllel spet it.S. e'tll-

'.S. siiall spelttI'.'. Ihit, ali's..il Iit'lhil( eii l - Iti (1979) hiuii Ihliat the 'lillli b% of foil ses;-
liltIil i liil eil t(1 It' extilleie tll laniltl li 1il Iiltllt ilidie I'. gatmelm (onldilli flt ll
(Sainie', 1961'S- Rokilp, 197.4) ilild tlhe hleillit thiet io 17 iiiideteioped eggs. of sue. 'iiilai io
tilllilllilI% is loallii a1 sl ta l lt one ii % hi is ilotl thoset (itt lill n ill plossill Ilaitit e tllllet of

pltluriedf t'el\ oftetll. If lecliitile lt '.ilit" los)scit'.. dA rIale I'. ,/u/l, % is llti
of of'siriii g ir' ret'laii'l te ll.(tiilll, ,xili off- to ii t' haw elt'. il egg' ill its stollim i. Welilt'l sli -

spitig 'ould Il it'rpteset ail tOil t lietetsal'N tiei'rp gesteit I thli P. gempulm ille's 111.1 it" ilili

lo' to Ih li dlt . )uts ldei'ai, aid tiat the egg,, could( itit hei lein
hiltrlifal iir slidllall lf' su tii lli|ii lit'teie'. sw'iweii "'(liilig lstelll Ifil e tI IeiJ. II I t stllvi'

ili\ lil shortter Iilt span'., higher ile leit iiid moe Iikeik (if lite eggs wele Illl ti llk(ilpiit

aiid 1111th, iiiillti egg% Illtil dtheepe i'ii tiiales) Ihat \lit iIale'. wtelre ild ii liidig tile egg'.
spetlies. Ale (1973) a ridAe ible and MIusick Mny fii' flies whidi cale It lieit eggs' io iot
(1 976) dtl'criid tlie lie iililr of Ilirntr m il- feed while dting slI. At kleist olie ithiid (Pl- -
qulinu., a siall (<71 ini T r), sloit lived (2 opyh v//urn .'a/ li'r) etllli'.es unitili/ed eggs. loini
veats) shllow waler (5-97 it depth) species the egg iass while tuitig loit tile eggs'. Bt eilt

which p)robalily hlas only l (pIoii-ged) adid Roseit, 1966 ) . Vitt tirtIl aihsetite iii stociihi.i
spi.rilig )eriil in its life. The' Ileali litllieir (otelit' otliht tint egg'. il tile iNI)'. Iniles of

of'l irge (1.)-I.3 mil) eggs iltr't'i was 312 t- I. lot gVnn Pit i itand 1'. l/idn. 'ligge t'. Itha Ih tese
fetunile'. coillecte adt set (liboitiriy riijse(l I't'- sleitt's tlld'. bieliate siiiliali. E.l'gg fe'tllii4l
males' had a liane oft4-47 eggs). Betatilse spa il.' i- is 1)l'tiil\illI slo4 iw hecatis l Iale h i ll Li e egg,
iling lla ie teptti't lirepetive fi ital illmber of egg' are gell iidll .t'r. well de '.eli ed it ld,ilig.
laid hb$ cacti femle wait Ic'.'.- a it'tlear. )et w vler K 't lshii (1.975) h iii iid that lii htlilig .-fl,/,'/u
(1963) estimatetd that L. f/tuilr.s (<97 miii St.) ve'e'trio.t i. (C(% ldleiteri(l had iio olk s.ac . ailf
(eI)(t iI 400-3,000) eggs (l '.terage s.ize I. I mini) illustratioins of flewlI'. hatched larvae (; -
per feiiiall per season. ou olisoiin (1969) loun( epro('11% Sill

) . 
ill Huntter 1149) a nid Palrilhi

that L. pl-hellu. (< 170 tnt SL) had egg'sti) to (1972) (t) trot 'howk p1-llliiint lll ilk '.acs. If
1.48 min, hut did not estimate number if' ripe etigthi of* 'il tig al hai ting i -p 1)4l-tiomal to
eggs. Eggs of' other shallow watetr Iiparids ate egg diamtiet. hatlltliig . mvigi'orri i (7-8 tmi
+tliiall. Aoamllla ( 1959) foun d developing egg's egg') tiildI he >2) tiili: K' ishii (1975) fiiind
of .. talnlok t lite .7-1.8 ini. Brteder a ti ht hi a'erage Itii Iih of' .-. -eatrno mui lill'iat
Rosent (1966) stated that egg'. ii I.. iotglaru are hiattied fromii 2.32-2.42 iin iiegg'. was 6.7 miln.
a f)(ltit 1.i tntI nd those of L. upoir, are about antd PariTh (1972) titl i'k.\ htliathlied (.
I.5 inin. De Ma rtiii (1978) stated that f'eritiliz eti mile/tanru, to he 9-12 itin ilong (egg' (a . -4.5
egg'. of L. /i'ep is are abhouti 1.0 min. in in). Marshall (1<.53) po init oi (liltiat iitwl\

A poialible lite his'.ory lr deep water lipar- hatched Paol/iporiT. gral/i., ale uell teseltipedl.
ids canl be (onistrutti using tie.'.- aid pbtlishd a id stggested that "triloS pecies ili ha\C "
(ata. Eggs are pi- 0hahl laid ill a pIotec.t1ld 1o- no pelagic stages." lit' vi iinig ptiibhai' hItake ti)
(alilln (stuh i as uin it a 1o(k), or in or oail ri hetli i- tesideeii-t aid hibits st'. 'o o i ill-iii-
iivertebiate with a hart exoskeletol. Stlll ihe- ltlediatel, lt'r eli ldliing. Sexual iilattoiat lo
hivi it ocr s iii shaillwi-er living species (Ahle mav lin iom opalliat~ vi Cal .a ili-ii liigh it
a iiit M ioitk, 1976; tuniter, 1969; Patris.h, inihlt take a telatili'st.i lg lii itle. All femallls.
1 972: Pedei anid (olett, 1973). Pairenital t-at cV-el thos'.e 30 ni 14 l)iig, exa tilntied in iii' stld'
seell. likely in species, which lay i coinipitarative- had eggs tuisi,, rteogniil)t Ii x Illiagifi(a-
lv large nittiher of eggs at a time, hut utilikelt lion.
ini spt(-ics I ayig few eggs at i ti ne vetr long "lIhis pittern iof, Iil" oir I l I toah thliiatele-

periods; the laltter woiuld fe requiri-e(t (t'o. it ist14' of1 (leel) sea li ipatiis. Nie lsen I .) toiind
virtiuially the whole y-ear to prote(tI tiig lte eggs. tIhat egg sizt' in C(;rprouteu k'r- +ndein.i,
At least oiiie shallow water liparid steie's shows (6,660-6,770 ill) '.ei-e itliltitd similarils to

parental care (Detwyler, 1963; DeMartini, those if Ilie (lillUous sipawi e s tliscussed
1978). (Gilbert (1896) ( oiliudedl thit C. oiger- hre. One e ,nuile had ai it I6ii eggs ot 8 iiin.
llu is at mn olt briell h(tulse the hoilt OY)t', iile .'a while anheliet had aibiut seveii 6.5 in gst'g
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and a coitinuum of smaller egg sizes. Nielsei Sas I ogie i Nuidlasti, 1900-412. Rep. Ni.
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Surface sediments of the
Peru-Chile continental margin and the Nazca plate
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ABSTRACT Several distinct sediment accumulations suits of textural and chemical analyses of
have been mapped on the continental shelf surface sediments recovered from the Peru-

Surface sediment samples from 86 loca- and upper slope. An upper-slope deposit is vian continental margin and the eastern
tions on the Peru-Chile continental margin anomalously fine grained and organic rich; Nazca plate. A major goal of our project
and the Nazca plate have been analyzed for it lies between 10.5*S and 13.6*S, in the re- has been the recognition of the processes
bulk chemistry and texture to evaluate the gion of most intense upwelling. Preserva- and factors which control the deposition of
factors influencing sediment formation on tion of this body is enhanced by the inclu- principally fine grained terrigenous sedi-
continental slope and adjacent abyssal plain sion of fine inorganic material in biogenic ments adjacent to a continental landmass.
depositional environments. Sand-sized cal- fecal pellets, and by the impingement of the
careous microfossils are abundant above shallow-water oxygen minimum layer on SAMPLING AND ANALYTICAL
the carbonate compensation depth (CCD), the slope at the same level. TECHNIQUES
but their removal by dissolution leaves
fine-grained deposits in the deeper basins. INTRODUCTION Chemical and textural data were ob-
Terrigenous silts are found seaward of the tained from 86 surface sediment samples
Peru-Chile Trench, especially south of 70S, The Marine Geology group of the Ore- taken on the Peru-Chile continental margin
and may be transported there by wind, gon State University's School of Oceanog- and the Nazca plate (Fig. I). Most of the
mid-water turbid layers, or bottom waters raphy began a comprehensive interdiscipli- samples were taken with gravits, Remeck
flowing north through the deep ocean ba- nary study of the Peruvian continental box, and Kasten corers.
sins. Sediments become finer grained away margin and adjacent Nazca plate sedimen- The gross textural composition (sand,
from shore as coarse terrigenous particles tary environments in May of 1977. This silt, and clay percentages) of the samples
settle out. The more humid climate of program was designed to compare the was determined with standard techniques,
northern Peru produces finer fluvial sedi- processes controlling hemipelagic sediment and grain-size frequency analysis of the silt
ments there than to the south. This textural formation beneath the coastal upwelling fraction (4 to 63 u) was made (Thiede and
change also appears in adjacent marine sed- and nonupwelling regions of the equatorial others, 1976).
iments. In the Peru Basin, bottom nepheloid east Pacific with those influencing sediments Surface sediment samples were analyzed
layers are found where clay-sized terrige- in the adjacent pelagic regimes. The study for Si, Al, Fe, Mg, Ca, Na, K, Ti, Mn, Ba,
nous material dominates the sediments. On area is shown in Figure 1. organic C, Cu, Ni, An, Sr, PO, (soluble),
the adjacent Galapagos Rise, however, The region was considered ideal for this PO4 (particulate), and CaCO:, Silicon and
nepheloid layers are absent, and eolian- study, because in a relatively restricted geo- phosphate measurements were made by
derived sedimentary components in the <5 graphical area, many of the factors which standard colorimetric techniques. Other
1A size range may exceed those transported could influence the accumulation of such major and transition element analyses were
to the area by currents. fine-grained deposits are found. These in- made by AA spectrophotometry. Organic C

R-mode factor analysis has outlined sed- clude: (1) a well-defined continental sedi- and CaCO abundances were determined
iment constituents from the geochemical ment source which is influenced by latitudi- with a Leco model WR-12 Automatic Car-
data. Terrigenous components dominate nally varying rainfall and river runoff pat- bon Determinator.
the slowly accumulating clay-sized sedi- terns (Johnson, 1976); (2) extreme local
ments of the Peru and Chile Basins, and the variability of the biological productivity DISTRIBUTION AND GEOMETRY
coarser, more rapidly forming margin de- within the water column (Zuta and Guillen, OF SEDIMENT ACCUMULATIONS
posits south of 140S. Biogenic deposits form 1970); (3) the prominent Peru-Chile Trench IN THE STUDY AREA
at intermediate rates on topographic highs which serves as a barrier to the seaward
on the Nazca plate. Very slow hydrogenous transport of sediment by turbidity currents Sediment cover along the Peruvian conti-
sedimentation occurs in the seaward (Schweller and Kulm, 1978); (4) topo- nental margin wa, mapped from 3.5 kHz
portions of the deep basins. Sediments rich graphic highs and deep basins of the adja- records obtained during RV Wecorna and
in organic components are concentrated in cent abyssal regions of the eastern Nazca RV Yaquina cruise%. These high-resolution
rapidly forming deposits along the margin plate; and (5) well-defined surface currents reflection profiles are spaced a maximum of
north of 14°S, beneath centers of strong and wind patterns (summarized by Moll- 50 km apart along the margin, and they
coastal upwelling. na-Cruz, 1978). This paper discusses the re- generally extend from the continental shelf

Geologial Society of America Bulletin, Part I, v 91, p. 121- 31, 9 figs., 3 tables, June 1980, Doc. no. 00602.
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Figure 1. (ore locations shown relative to the main phvsiographic features of the Peru-Chile continental margin and the Nazca plate.
Stppled pattern corresponds to topographic features in water depths <4,000 m; line pattern denotes axis of Peru-Chile trench. Modified
from Mammerickx and Smith (1978).

out over the slope. Most are of good to ex- pattern on the upper slope between 6.5*S plate vary in thickness from 80 to 170 m
cellent quality, and show subbottom pene- and 10.5S and between 16.0*S and 17.2S. (Ade-Hall, 1976; Yeats, Hart, and others,
tration of 50 m or less in the mud deposits On the adjacent shelf, a mud deposit occurs 19-6; Prince and Kulm, 1975).
along the margin, between 8°S and 10.5°S, widening onto the

Three major sediment accumulations outer shelf at its southern end. It lies be- TEXTURAL CHARACTERISTICS
have been identified and mapped (Fig. 2). tween 40 and 160 m water depth in this
The geometry of one deposit, an upper area with its depositional axis (maximum The textural characteristics of the Peru-
slope mud lens, is summarized by the repre- sediment thickness) at about 90 m depth in vian margin and Nazca plate sediments help
sentative profiles shown in Figure 3. It is a the vicinity of 8°S, and at 135 m at 10.5"S. to explain the observed variations in occur-
well-defined and nearly symmetrical body A similar type of depositional feature ex- rence and geometry of the deposits. Figure 4
located between 10.5 S and 13.6°S, tends to the south on the central and outer shows the areal distribution pattern for clay
although it may extend as far south as shelf from 10.5°S to 17.2°S. It reaches sea- abundance, and the textural data are sum-
15.1°S (see Fig. 2,. A structural re-entrant ward to the shelf edge throughout this re- marized for each geographic region in Table
forms a broad, gently sloping upper conti- gion. I.
nental slope in this region. Sediments here Published profiles (Prince and Kulm, Insight into the texture of samples taken
are found at water depths from 110 to 1975) show that sediments on the steep seaward of the Peru-Chile Trench can be
683 m, with the depositional axis at depths lower continental margin are confined to obtained from a ternary plot of sand, silt,
.if 164 to 368 m. A sediment wedge and local basins. In the axis of the Peru-Chile and clay (Fig. 5). Sediments associated with
small ponds of sediment with interspersed Trench, sediment thickness rarely exceeds specific physiographic prosnces cluster to-
barren areas are the typical accumulation 850 m, while deposits on the eastern Nazca gether fairly well. The coarsest studied
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IO* S DISTRIBUTION PERU SHELF
AND UPPER SLOPE DEPOSITS

3.5 kHz RECORDS

' i! ' - °  ' : ' i:' !/'- CALLA0O
to*

LEGENOD

-- CENTRAL AND OUTER SHELF MUD LAYER -

CENTRAL SHELF MUD LAYER 14*

UPPER SLOPE MUD LENS

UPPER SLOPE MUD WEDGE AND PATCHES

BARREN SEDIMENT REGIONS

CONTOURS ,N METRES 5*

Figure 2. Sediment accumulations determined from 1.5-kHz records on the upper Peruvian continental margin. Profiles shown in
Figure 3 are identified by letters.

oceanic sediments are found on the Galapa- (< 1,000 m water depth) show no consistent tail migrates toward finer grain sizes for
os Rise above 4,100 in water depth and change from south to north. However, at samples farther downslope. Byv comparison,

can be distinguished from sediments in the any water depth greater than 1,000 m, clay data from the 130S transect (Fig. -) show a
Peru and Chile Basins by higher sand and contents of margin sediments systematically reversal of the upper- and middle-slope sed-
silt content. In contrast, Peru and Chile increase from south to north. This figure iment characteristics. Due to the location of
Basin samples are much finer grained but also illustrates the general trend of sediment the upper-slope sample within the anoma-
may be distinguished by their silt contents. fining (increasing clay content) with depth lously fine grained upper-slope mud lens,
Chile Basin samples were taken, with one for all profiles, and the anomalously high silt size appears to increase downslope.
exception, shallower than 4,000 m, and clay content at the surface of the "middle" This reversal may be caused by (1) mask-
have silt contents of 25% to .10%. Peru profile (1 3S profile), which intersects the ing a regional upper slope silt input with an
Basin sediments, however, were obtained upper slope mud lens. anomalously large local influx of fine silt, or
from deeper than 4,200 m, and contain Silt grain-size frequency curves illustrate (2, a decrease in the grain size of the re-
only 10% to 25". ,At. similar but more subtle downslope textural gional silt influx in this .irea on)%. However.

The available Jata also show both changes, Data from the 7S transect (Fig. 7) data presented in Table I and Figure f,
along-and acros-rargin textural trends, illustrate the normal pattern of seaward show a trend of sediment fining from south
The clay contenr of samples taken in fining also observed at 3°S and 2205. The to north along the entire margin, instead ot
profiles across the margin at 30S and 705 upper slope curve shows a strong coarse silt a pattern restricted to the region 10.5s to
(north,, I I'S and I' S (central), and 220S signal, with a smaller fine silt mode. The 1..6*S. In addition, strong similarities be-
(south) are plotted igainst the sample water three deeper samples all show very large tween the silt curves from the 30S, -S, and
depth in Figure Upper-slope samples fine silt modes. In addition, the coarse-silt 2205 transects and those trom the two

--- ' '-
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SILT PERCENT CLAY (<4Mtm)

PLATE DEPOSITS 0 20 40 60 s0 100

WATER DEPTH~
* 4100 ,,
T- 4100.,

GALAPAGOS
RISE DEPOSITS

CHILE BASIN 2-
0 DEPOSITS

0

PE RU BASIN Wi 3-
DEPOSITS

AND CLAY -

Figure 5. Ternary plot of sand, silt, and clay for samples recov- xI
ered from the Peru and Chile Basins and the Galapagos Rise. Sam-
pies from the Galapagos Rise typically have significant amounts of 4
biogenous sands and silts, whereas deeper basin deposits consist
almost entirely of terrigenous silts and clays. Note the finer grained
nature (higher ratio of clay to silt) for the Peru Basin deposits than
for the Chile Basin deposits.

5LK

7* S POFILESLOPE-INNER PLATE TRANSECTS
7~ S POFILEFigure 6. Percentage of clay in surface Sediments from transects

across the continental slope at 3*S, 7*S, I I'S, 13*S, and 22*S. The
I lines connect adjoining samples. Note the north-to-south differ-

UPPE o, Evc, ences in the Percentage of clay of the samples, the increasing clay
UPPER /content at greater depth, and the very fine grained upper-slope

samples on the middle transect.

LOWER

J \SLOPE

13S PROFILE

r SEA WARD

£A'OOE
1  

' \ UPER Or rREVCH

-,CA r

SLOPE EUS,SLOPE

/\' , \.

L

SL OPE, \

I Figure 7. Representative frequency curves for the silt fractions
Sof samples located on the 7S and 13S profiles. Note the normal

S\pattern of sediment fining away fm the continentin the 7
mostprofile, the anomalous fine-grained nature of the upper-slope sedi-

0 40 6.0 ment sample in the I VS profile, and the similar position of the fine
r64 2 6 4 silt mod for all samples.
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DISTANCE FROM SHORE (kin)

300 200 00 0

10

rRENCH AXIS' 0

3°s \ . I

L o Figure 8. Silt/clay ratios for samples taken on transects at VS.

-0 9S, and I V0 S. Only samples below the upper slope were used in
I drawing the lines shown. Note the change in the rate of fining for

samples seaward of the trench axis.

80. SILT/ CLAY
11,0  RATIO

13°S 0
\1.5

deepest samples at 13oS suggest that local
influences ccntrol the accumulation of
anomalously fine grained material on the 0
tipper slope in this area. The Implications of . FACTOR I
t'ese observations are dicusseJ further be- . LOADINGS

Tex-ural data from transects across the 0 ,- 0 , ',052
'£,~ ~~ v - i I I -1O0 -+5

Peru -( rle F r'e nlch at 3 ' , '7S, and 1 ' S I I [ ] : ; / : , '1• : +havc neen used to evaluate the role of the +52

P eB IO G E NOeU S n c h a t
!

3
{

\iS , a d!I P

trench as a barrier to the seaward transport IBIOGENOUS i
SEDIMENTATION t

of terrigenous material. Figure 8 shows the p . .
plots of silt,'cla ratio versus distance I .-

offshore for eaLc. profile, i, well as the lo-

cation of the trench axis. Carhonate-free T I' . . ...r. U
splits of these samples gave similar results. I SEDIMENTATIO
The seaward-fining trend on the margmn is A,, -a
Illustrated by an approximate best-fit line to .
data points rori below the upper slope on -

Fe Co ( e N 5 P0 4each profile. In each case, the margin fining , M9 No( T, SO t PO 4
trend, if extended farther offshore, predicts o
that the siltcla% ratio should reach zero 7 /Cc

landward o the trench axis. However, the u .
samples taken c.i% ard of the trench axis all -. -
have ratios creater than i. 12. A partial ex-
planatmon for the anonalously high silt/clay I

ratios of the ab% ssal oceanic sediments may I00" 90* 80" 7C"

involve a greater proportion of coarse Figure ). Results of an R-mode factor analysis of all chemical data on surface samplc
biogenous opahne debris. We have found recovered from the study area. Factor score coefficients kF.S.C.) are noted for the chemical
that the opaline (especially radiolarian) variables for each factor.

_.. 4!
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7 1 1 1 1content of the silt fraction almost doubles
- O" across the trench at VS and 7S. However,

'1[FACTOR 2 at I l°S, the opaline components decrease
I LOADINGS by a factor of two across the trench, imply-
I". 0.35 ing that terrigenous particles alone must

> 0 035 cause the observed silt content increase.
Such terrigenous silts may reach the abyssal
plain by cohan transport, transport across
the trench within the water column, or

M transport from the coarser southerly de-
FO °  posits by bottom water flowing north sea-

ward of the trench (Lonsdale, 1976). Unfor-
*1 ; ,7 tunately, our data do not allow distinction

MENTIoHYDOGENOUS ,between these three possibilities.

BULK SEDIMENT GEOCHEMISTRY

5, Fe Co KCM S 0 '
A, Mg No T, no C Zn P04  / 7 To distinguish and characterize sedimen-

10 .' tation types within the study area, 18 chem-
coco 3 ' , 20 ical species were measured in the surface

_ _ _ _ sediment samples. Complementary data
7i- -I from other areas on the Nazca plate are

-°0I given in Dymond and Corliss (1980). The
0I I results were then subjected to R-mode fac-

100 90" 80 °  70' tor analysis to examine relationships be-
Figure 9. (Continued). tween samples on the basis of all variables.

Three major factors accounted for 73.0%
of the total date variance, while several
minor factors accounted for 2% to 5%
each. Figure 9 shows the areal distribution
of computed loadings for the three major
factors. Athough the choice of loading val-
ues used to define provinces is arbitrary (not
a product of the analysis itself, like a mean
or standard deviation), the choice of slightly

I _f 1different values would not significantly alter
_ Oo  the provinces defined or the conclusions

FACTOR 3 reached here. To illustrate the actual com-
LOADINGS positional differences within factors, the

chemical data for samples with end-
< - 0.20 member loadings in each factor are given ino - 0.20 - + 1.00 Table 2.

A > + 1,00
Terrigenous and Biogenous Sedimentation

100 Loadings for factor 1, which accounted
for 39.9% of the total data variance, are

UPWELLING shown in Figure 9A. The factor scoreINFLUENCED

SEDIMENTATION coefficients (F.S.C.) show high positive
scores for the major elements Si, Al, Fe, Na,
K, and Ti, and extremely negative scores for

o Ca, Sr, and CaCOh. Accordingly, strong
S, Fe Co X M, C N, Sr P0 4  positive loadings in factor 1 indicate sam-

AI Mg No Ti o Cu Zn P0 401 (S) pies rich in Si, Al, Fe, Na, K, and Ti, and

101 strong negative loadings indicate an abun-coo 20° dance of Ca, Sr, and CaCO, (see Table 2).
i Si, Al, Fe, Na, K, and Ti form six of the nine

most abundant oxides in continental crust
.0o (Mason, 1966), so that samples with high

100 90* 80* 710 positive loadings delineate regions domi-
Figure 9. (Continued). nated by the deposition of land-derived ma-

- . . ±
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terial. The major forms ot Ca, Sr, and 'F_ ABLE 2. END-ML.IAHER ( HLMI( Al.

CaCOQ in the marine realm are calcite and - -- __-__=__=_---_____

Sample F-actor I oAding SiO. AI2,-, I-eiiOs Mg() CAO Na,.)O
aragonite (Mason, 1966) produced by --

Foraminfera and Coccolithophores (Berger, W-os
19-4, and references therei).,J and -o21 T, rrigi.u' lilt 1.1 4.84 1 5.98 '.19 3.87 LIS( 2 '4ii

strongly negauive loadings indicate a sedi- W-06 I
ment tor in area containing serdiments) ils~~~.ii 1 6.44 0(.91 0.26 0.30 52.34 011Q

dominated by biogenic constituenits. W(e
Figure 9A shows a strong correlation of -6 HiJ.w s1,1 4 41 i4.48 14.12 6.66 2.64 j.5(1 1,2s

the factor I loading patterns with the W7'U06 2
phvsiography of the studs area. High posi- -24 Nonh~Jr.'grnous' - -8 6;5.02 14.11 5.67 271 2.89 1.1

tive loadings occur in the Peru Basin aiid A-
7

ot,

from the coastline seaward south of about -16 ,Sironig iip~eliiig) 5.12 1'.72 7.08 1.98 1.63 2.4m 0 (88

IVS%. Strong negative loading, are found W7-0(,
along the broad crest of the Galapagos Rise, -5I Non upwedling) -- 1.18 6.44 0.91 0.26 0.30 52.14 1(2

while intermediate values occur along the Note: SiC),. AIAO,. Feii),, Mgt.), CaO. NaO, KsO, Ti0g, MnO, C,,._ and Cat'..) contents ar- in
eastern tlank of the Galapagos Rise, the "eight percet. Ba. Cu, Ni. Sr, Zn. P04 (soluble), and P.,. contents are in parts per million.
continental margin north of about iS'S, the___--__ - --

Nazca Ridge, and another topographtc high
in the southeastern corner of the region. trated itt a narrow hand between I 1'S and nion as a transport agent for coarse material

1405. The seaward boundar) of the inter- decreases as the water depth increases
Hydrogenous Sedimentation medite zone closely follows the axis of the (Komar and Miller, 1973). Finer material is

Peru-Chile Trench. The remainder of the transported by weaker water motions,
Factor 2 Fig. 9B) has very strong positive study area shows strongly negative loadings maintained in suspension McCave, IQ-2;

factor score coefficients for the transition for tactor 3. -his factor has been termed an Pierce, 1976), and carried farther seaward
elements Mn, Cu, and Ni, a-, well as Ba. "upwelling" influetice, because ai compari- before deposition occurs. However, the rate
There are no ntegative score coefficients of son with total primars productiviry data of decrease in grain size across the margin is
equiv alent magnitude. Manganese is one of (Zuta and Guillen, 19-0 shows maxima irregular, and it may even be reversed in
the maijor elements found in ferroman- concentrated laindwaird of the l'eru-Chile some areas, such als the upper-slope mud
ganerse deposits of seseral types-- nodules, Trench between I'S aiid 15'S. The associa- lens (see Figs. 6 anid -;Zen, 1959). Ter-
micronodules, and crusts. These deposits tion of such high productivity with upwell- rigenous components, due to their adjacent
are enriched in transition metals to sonic ing has been recognized for some time source, dominate margin sediments iti the
v'irent, depending on their history of for- (Smith, 1968., and recent observattons in- absence of upwelling Fig. 9A . In areas of
niation and diagenesis. They often contain dicate that mteatsurable upwelltng occurs coastal upwelling, the high input of both
Ba as an accessory elemenit (Cronan, 1974). here Brink and others, 19-8). The fine- errigenous and biogenous components
Thus, factor 2characterizes the "hvdroge- grained upper-slope mud lens (see Figs. 2 produces sediments with mixed char.i,-

nisor metal -rich authigenic coinponients and 4 is also asssociated with the zone of teristics.
iif ,he sediments, high tactor ', loadings, indicating that this Seaward of the Peru-Chile Trench, the lo-

In I 1gure 9B, factor 2 loadings are highest depositionail ensirotiment mas be affected cation of the CCI) near 4,0010 m Kurn and
ina i ge-shaped region, bounded approx- by biological activity in the o verlying water others, 19-4, maintains the control of

inlatrt-, on the west by the Galapagos Rise column. water depth on sediment texture and
anc on the east somewhat seaward of the geochemistry. Figures 5 and 9A reveal the
Peru-Chile Trench. T-he northern temtina- CONTROLS ON SEDIMENT association of topographic highs abose
tion of this province is located in the TEXTURE AND GEOCHEMISTRY 4,1)00 m, high sand contents, and biogenous
vcinity of VS. sedimentation.

The data presented above have allowed
Ltpwelling-lInfluenced Sedimentation us to define the following factors which Continental Climate and Sediment Suppls

influetnce the textural and geochemnical
Factor 3 is marked byv high positive factor characteristics (if hermpelagic inrd pelagic The south-to- north tinitig it margin sed-

score coefficients F:S.C., for organic C, sediments: itnents appears to stem tront %,iri.itions in:
PO, soluble), arid P0, (organic) (Fig. 9C). fluvtallv introduced materiail cau-sedi I'
As a result oif tie importance of organic Water D~epth at the Site of D)eposition changes in continetital .litate. T-he ph% ':-
compounds in Factor 3, its sample loadings ography of western Peru 11 dominte~d b% A
may he taken as an inexaict measure of the The water depth at .i depoitional site coaistail plain (which nairrow', toward tilt
importance of biological productiv ity in the strongly influiences thle sedimnent iexture amnd soulth arid the Ande-. Nlountiri 'A' e-.ic
overlying witer column, its terrigennuLs-biogenous component, ais rainfall in this regon dc~ ycascs froim 1-4

The areal distribution of sample loadings seen in Figure, 1. 4, and 4IA. E\c:ept tot the ilnl yr at 9'S to 2.2 ilii yr at 14
in factor 3is shown in'Figure 9C. Both high anomalous upper slope mrud letns, mrargin Johnson, 19-(, . Studies ott k bile (.I::
positive and ititermediate loadings cluster sediments bcoine tiner awa% front shore Oli% ier. I 9,9; Scholl amnd others, I 9i0 and
along the Peruvian coast between I0S and (see Figs. 6 and 8; Rosato inid others. tnorthwest Africa ,Summerbaves amnd others.
about 16'S, with the high values concen- 1975), because the competence of wasc .ac- 19-6, have found that the imnount (f sedi-
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:OMP)SITIONS FOR THE FACTORS SHOWN IN FIGURE 9 nous sedimentation" in the Peru BasiL (see
Figs. 4 and 9A). In the Chile Basin, now-

KO TiO, MnO Ba Q,., Cu Ni Sr ___n Ca__O_ PO, P" ever, where the bottom sediments are rela-
tively coarser (see Figs. 4 and 5) but contain

2.8- 0.'0 1.16 1560 (1.15 241 226 317 165 0.04 840 45 fewer coarse biogenic tests, the bottom
nepheloid layer is poorly developed or ab-

0.10 0.41 0.00 330 1.11 29 75 1000 43 86.75 6611 78 sent. This suggests that the bottom nephe-
Ioid layer is an important mechanism for

2.22 0.93 1.66 9830 0.72 531 592 401 27 0.2- 1315 168 the transport of clay-sized material away
from or along the continental margin (Ew-

2.44 0.81 0.1' 400 0.35 794 62 236 80 0.57 1233 109 ing and others, 1971; Eittreim and Ewing,
1972), or for its redistribution once it has

1.05 2.37 0.03 460 21.16 93 199 191 120 2.01 2879 1120 settled near the bottom.

0.10 0.41 0.00 330 1.11 29 75 1000 43 86.75 6611 78 Eolian Transport

Sediment texture can be controlled by the
input of continentally derived eolian mate-
rial. Prospero and Bonarti (1969) collected

ment derived from a landmass increases and Furthermore, in this area, a shallow dust samples in the area 8°N to 17"S and
its grain size decreases (Trask, 1961) as the oxygen-minimum zone impinges on the 80'W to I 10W, and tound that all samples
continental climate becomes more humid, upper continental slope (Packard and had maximum mass in the 2 to 5 .m
Therefore, the northern Peruvian coastal others, 1978) and would be expected to i- (medium clay to ver\ fine silt) size range.
rivers should carry large amounts of fine hibit the destruction of the organic material Particles with diameters in the range 20 to
material, with a decrease in quantity and an encasing the pellets. The high organic car- 40 um were common in samples taken
increase in grain size toward the south. In bon content (>20%; see Table 2 and within a few hundred kilometres of land.
addition, Summerhayes and others (1976) Figure 9C) supports this hypothesis. Thus, X-ray diffraction profiles of samples taken
demonstrated the importance of continental the anomalously fine texture of these sedi- on the Galapagos Rise above the level of the
physiography in the bypassing of terrige- ments is, at least in part, a result of our bottom nepheloid layer are identical to
nous detritus to the ocean. The relatively sample treatment. In their natural state, the those given by Prospero and Bonati (1969)
wide coastal plain in northern Peru should aggregates in the lens are not anomalous in for eolian dusts from that region (Scheideg-
effectively trap coarse-grained fluvial sedi- terms ofgrain size, and their composition as ger and Krissek, 1978). This suggests that
ments before they reach the Pacific Ocean; fecal pellets reflects the local upwelling fine-grained eolian material is the dominant
however, to the south, a greater relative conditions. terrigenous component in the sediments to
abundance of coarse-grained material the west of provinces strongly influenced by

should successfully bypass the narrower Transport of Material in Suspension fluvial input.
coastal plain and enter the ocean. The re-
sulting size heterogeneity of land-derived Textural control by bottom-water flow is Associations of Sediment Texture,
material would explain, at least in part, the inferred from unpublished nephelometer Geochemistry, and Sedimentation Rates
south-to-north fining of sediments along the data (H. Pak, 1977) obtained during the
Peruvian margin (see Figs. 4 and 6). WELOC-7706 cruise. It shows a well- A comparison of the textural and

developed (200-m-thick) bottom nepheloid geochemical data (Figs. 4 and 9) shows
Influence of Biological Processes layer in the clay-rich province of "terrige- strong spatial correlations between these

on the Development of the
Upper-Slope Mud TABLE 3. SEDIMENTATION RATES BY PHYSIOGRAPHIC PROVINCE

The anomalously fine grained upper- Province Average Number of Range References
slope mud lens is apparent in all of the sedimentation determinations (crnlO'yr)
margin textural data (see Figs. 4, 6, and 7). (cm/10yr)
Examination of undisaggregated samples
with a light microscope, however, showed Margin north of 15'S 32 4 1766 DeMaster, 1979
that small (<200 Am) fecal pellets are Margin south of 15*S 5.5 4 <5-6 E. Suess, 19'9, personal

abundant in these sediments (W. H. Hut- commun.

son, 1978, personal commun.). As this de- Peru Basin 0.23 1 .. McMurtry and Burnett, 1975

posit occurs beneath the zone of most in- Nazca Ridge 0.71 3 .61-.84 Molina-Cruz, 1978; Blackman
tense upwelling and biological production, and Somayalu, 1966
it appears that grazing zooplankton filter Galapagos Rise 1.67 1 .. CLIMAP, A. Molina-Cruz and
fine-grained terrigenous particles out of the T. C. Moore, 1975, personal

water and incorporate them into fecal pel- commun.

lets. These large aggregates settle rapidly to Northern plate 3.6 8 2.6-5.5 Ninkovich and Shackleton,

the bottom (Schrader, 1970; Honjo, 1976). 19-5; Mohna-Cruz, 19'8
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Abstract The distribution of suspended particulate matter was measured during 21 May and 1I
June 1977 between 4 and 23 S from the coast of South America to about 5(X) nautical miles offshore.
A well-defined maximum was observed over the continental margins at depths of about 2M8) m
between - 9 and 23 S. At 4 S. the main particle maximum was at approximately 4(t) m. but in the
nearshore zone the maximum extended upwards to 2(X) m. A comparison of the particle and
chemical data shows that the particle maxima are usually at approximately the core depth of the
oxygen minimum laer. A nitrite maximum and a nitrate minimum were also observed at or near
the particle maximum core depth south of - 9 S. Near 4 S. a weak nitrite maximum was observed
within the oxygen minimum layer at some stations. The protein distribution near 15 S suggests that
the material in the particle maximum contains significant amounts of organic matter.

The distribution of the particle maximum layer between 9 and 23 S and its relations to the densit)
field and the cross-shelf flow suggest that most of the particles ct ,ld originate in the bottom waters
over the outer continental shelf and be transported offshore in a quasi-horizontal path.

Offshore particle transport near the equator is probably supported by a westward current oti
northern Peru between and under the eastward extension of the Equatorial Undercurrent and the
Subsurface South Equatorial Countercurrent. However. the source of the particles in this - 448)-m
maximum has not been determined.

INTRODUCTION

THE HIGH primary production rates supported by coastal upwelling lead to high subsurface
respiration rates in the coastal zone off the west coast of South America (CODISPOT and
PACKARD, 1980). and some of the inflowing subsurface waters are deficient ( - 0.5 ml I -'I in
oxygen (BARBER and HUYER. 1979). Consequently, it is not surprising that large bodies of
oxygen-poor ( < 0.25 ml I- ') waters are found in the region and that within the volumes,
there are oxygen-deficient (02 < -0.1 ml I- ) zones where nitrate reduction and
denitrification produce secondary nitrite maxima and nitrate minima (WOOSTER, CHOW and
BARRETr, 1965; CODisPOi-r and PACKARD, 1980). Despite this knowledge, the exact
mechanisms that contribute to the formation and variability of the oxygen-poor regimes
are not yet well understood.

The suspended particulate matter in the open ocean is often distributed with maxima in
the surface layer and bottom water with clear water in between, but over continental
margins, one or more intermediate maxima are frequently encountered. High

School of Oceanography, Oregon State University. Corvallis, OR 97331. U.S AL.
t Bigelow Laboratory for Ocean Sciences. West Boothbay Harbor. ME 04575, U.S.A,
Contribution number 80005 from the Bigelow Laboratory for Ocean Science.
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concentrations are usually found throughout the euphotic zone, but a more intense
maximum is often observed within the surface layer: it is usually accompanied by high
concentrations of chlorophyll and oxygen. The maximum in bottom waters (bottom
nepheloid layer) is related to boundary effects because particles may be either resuspended
from bottom sediments or maintained in suspension by bottom stresses. On the continental
shelf off Oregon, bottom nepheloid layers were highly correlated with bottom mixed layers
(PAK and ZANEVELD. 1977).

In the surface layer the particles are organic matter photosynthetically produced in the
euphotic zone and terrigenous particles brought into the water by streams and winds. Some
of the particles introduced into the surface layer are later found in bottom sediments and
in the bottom nepheloid layers. The transfer of the particles from the surface layer to the
bottom is not well understood. Mainly because particles in suspension and in sediments are
small (0.5 to 40 pm diameter), the settling of single particles is not rapid enough to account
for the observed distributions of particle properties in the sediments. Thus, increased
settling rates by means of particle aggregation have been proposed by REX and GOLDBERG
(1958) and MCCAVE (1975), among others, to account for the similarity in species at the
surface and in the sediments.

In this paper we describe two intermediate particle maxima that we observed off Peru.
and we propose a process for the formation of the - 200-m maximum that we observed
between 9 and 23°S. The mechanism is based on spm (suspended particulate matter).
oxygen, nitrite, nitrate, protein and hydrographic observations and it suggests that the
Irain' of organic matter from the surface waters is less important than the subsurface
horizontal offshore transport of spm from the bottom nepheloid layers over the shelf and
upper slope. Our study of the particles and chemical parameters also sheds additional light
on the circulation features that influence the horizontal and vertical distributions of the
oxygen minima and nitrite maxima.

METHODS

In situ optical instruments measuring either light scattering or beam transmission are the
most common devices used for obtaining continuous vertical distributions of suspended
particulate matter in the ocean. PETERSON (1977) studied the linear correlation between the
beam attenuation coefficient and suspended particulate mass concentrations for waters on
the continental shelf off Oregon and obtained a correlation coefficient of 0.91. We used a
beam transmissometer during 21 May and 18 June 1977 on R.V. Wecoma to measure the
vertical distribution of suspended particulate matter off Peru between 4 and 23cS (Fig. I).
The transmissometer was developed by the Optical Oceanography Group at Oregon State
University; it uses a light emitting diode with a wavelength of 660 nm as a light source. A
porro prism produces a I-m folded light path. With proper calibration and careful
operation the instrument provides data with an error of less than 0.5°., transmission. A
similar instrument with a 25-cm path length was described in BARTZ, ZANEVELD and PAK
(1978). In this paper, our references to the concentration of suspended particulate matter
are based solely on light transmissometer data.

The chemical samples we will refer to were collected from the R.V. Mel'ille between
4 and 25 May 1977. Nitrate, nitrite, and dissolved oxygen concentrations were determined
using the techniques described by HAFFERTY, Conispoln and HUYER (1978). A suite of
sections from the Melville cruise has been published by HAFFERTY. LOWMAN and CoDIsPotI
(1979).
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Fig. 1. Location of the Weloc 77 stations where optical measurements were made.

RESULTS

A well-defined particle maximum layer (light transmission minimum) was observed at
depths of approximately 200 m at 9 and 23'S. In the section at 9 S (Fig. 2). the particle
maximum layer thickness (as defined by the 63o isopleths) decreased in the offshore
direction from 175 m on the outer shelf at Sta. 47 to less than 100 m over the offshore side
of the coastal trench at Sta. 49. The layer was absent at Stas 13 and 14 in the Peru Basin
about 1000 km from the Peruvian Coast (Fig. I) but it was present in the inshore region
near 23S (Fig. 7). North of Stas 13 and 14 the maximum may extend far offshore because
the nitrite maximum with which it is associated (see below) extends out to 90 W near 15 S
(WOOSTER et al., 1965).

Along the section near 4 S, the particle maximum layer extended from a depth of
approximately 200 m to 500 m near the coast, but it was best developed at approximately
400 m (Fig. 3). The 400-m maximum extended 600 km from the coast to our westernmost
station. South of the well-developed 400-m maximum, a weak maximum was found at
depths ranging from 350 to 500 m, except at Sta. 34 where it was intense (Fig. 7). Light
transmission profiles at Stas 13 and 14 (not shown in this paper), about 1000 km offshore,
also showed a weak maximum at about 400 m. Thus, the maximum at about 400 m was
present at all of the transmissometer stations, extending to about 1000 km offshore. but its
maximum intensity was near the equator.

During the JOINT-1i experiment, chemical and biological observations were made in
the coastal upwelling area off Peru during R.V. Meville Leg IV (4 and 25 May 1977). The
measurements were concentrated along sections near 5"S ('P' line), 10-S ('H' line) and 15S

6.
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('C' line) (Fig. 1). Representative oxygen, nitrate, and nitrite distributions (Figs 4 to 6)
show a relation between the 'cores' of the oxygen-poor zones and the suspended particulate
matter maxima. As oxygen-poor (< 0.2 ml I -') water extends more than 2000 km along
the west coast of South America and as the layer is 200 to 400 m thick, we can assume that
the 'core depths' of the oxygen-poor zones do not change drastically in a month.

Measurements along the 'C' line were repeated many times before and during R.V. Melville
Leg IV, and the results indicate that the assumption is reasonable (HAFFERTY et al., 1979).

The oxygen minimum layer was well defined in all three sections (Figs 4 to 6). During
R.V. Mehville Leg IV, meridional changes in oxygen distribution occurred mainl: in the
upper 200 m: the concentration of dissolved oxygen in the upper water increase toward the
north (Fig. 4). There was an intermediate oxygen maximum at about 150 m on the *P' line
(near 5 S) while the oxygen-poor water was sometimes less than 50 m from the sea surface
on the 'C' line.

There was a well-defined nitrite maximum and nitrate minimum approximately at the
core depth of the oxygen depleted water on the 'C' line (Fig. 6). Here, the oxygen-depleted
water was more than 300 m thick, and its core was not precisely defined. The nitrite
maximum and nitrate minimum water on the 'C' line were at about the same depth as the
particle maximum (Fig. 7). From the above associations, a significant relation between
the distributions of the chemical variables and the particle maximum is expected.
Unfortunately. we have both chemical and optical data only near the 'P' and the 'H' lines,
not at the 'C' line. However, Dr. Kullenberg of the University of Copenhagen made light
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Fig. 4. Oxygen and nitrite in the (a) 'C' line (Fig. 6, near 15 S) and (b) 'H' line (near 10S). The
oxygen profiles are determined by the envelope of all the data in the section.
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scattering observations on the 'C' line during R.V. Melville Leg IV (Fig. 8) and kindly
provided us with his light scattering data. They are particularly valuable because the nitrite
maximum is best defined at the 'C' line, where we were unable to make light transmission
measurements. Vertical profiles of light scattering around 20'S from the direction of the
forward light beam in the red, f#20-red, shows a well-defined particle maximum at 200 to
250 m with a layer thickness of about 200 m (Fig. 8). The presence of a particle maximum
at the cores of low oxygen, nitrite maximum, and nitrate minimum water on the 'C' line is
thus verified.

A comparison between the 'C' line near 15"S and the 'H' line near 10 S reveals significant
meridional variations in the chemical distributions while little meridional variation in the
particle maximum occurs. The nitrite maximum and nitrate minimum, well-defined at the
'C' line near 200 m, tended to dissipate toward the north. The maximum intensity of the
nitrite maximum at the 'H' line, for example, was less than 20%, of that at the *C' line
(Fig. 4), and it was not discernible at the 'P' line (no figure is presented). On the 'P' line
there was a weak offshore nitrite maximum (CoDIsPol and PACKARD, 1980), which was
more or less coincident with the well-developed 400-m particle maximum (Fig. 3). South of
the 'P' line no significant vertical structure of nitrite and nitrate was found to correspond to
the weak particle maximum near 400 In.
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While tile meridional variations in chemical %ariables can be at least roughly determined
from changes among the three sections, a similar discussion of tile suspended particle
distribution is not possible because a quantitative comparison between / 2,-red on the '('
line and light transmission on the 'H' and 'P' lines is not possible. Nevertheless, we looked
for meridional variations in the - 2W-m particle maximum among a few stations scattered
over the wide area shown in Fig. I. The particle maximum was present at every station
between - 9 and 23 S over the continental margin at depths varying from 140 to 220 m
(Fig. 7). Kullenberg's data (Fig. 8) also show the particle maximum on the 'C line. Thus.
we are inclined to believe that the particle maximum has a greater longshore extent than the
secondary nitrite maximum. However. the particle maximum is weak near the Peru Chile
border (Stas 16. 21, and 24).

DISCUSSION

The intermediate particle maximnm in relation to biological proc('sses
An indirect indication that the 200-m particle maximum contains relatiely large

amounts of organic matter is found in the distribution of protein, observed during the
Melville Leg IV 77 cruise: a protein maximum was observed to coincide with the nitrite
(GARFIELD, PACKARD and CoIsR)T|. 1979) and particle maxima. The few a~ailable data
suggest that there may also be a respiration rate maximum - ociated with the maxima
(T. T. PACKARD, personal communication), and if such a feature does exist it would help to
confirm our suggestion that there is a significant organic component in the maximum.

The association of both the 200- and 4(X-m particle maxima with oxygen-deficient
waters where much of the breakdown of organic matter might be expected to occur through
the activities of bacteria raises an interesting question. Does the reduced zooplankton
activity one would expect in the oxygen-deficient zones contribute to the maintenance of
the particle maxima by preventing the 'repackaging' of small particles into rapidly sinking
fecal pellets'?

Particle trun.sport
South of about 9 S the suspended particulate matter and nitrite maxima have tongue-

shaped patterns with their bases over the outer shelf and upper slope (Figs 2 and 6h). The
nitrate minimum shows a similar pattern (Fig. 6b). The oxygen minimum layer shows little
or no tendency to be tongue-shaped. but this should be expected. because oxygen
concentrations are zero or nearly zero over a relatively thick layer in which further
respiration must be manifested in nitrate and nitrite changes rather than changes in oxygen
content. The distributions demonstrate that several characteristic properties of the bottom
water over the outer shelf and upper slope are found in the tongue-shaped intermediate
particle maximum south of 9 S: furthermore, the intermediate particle layer is shown to be
connected to the bottom water (Fig. 2). The characteristic properties include high
concentrations of suspended particulate matter and nitrite and low concentrations of
oxygen and nitrate. The distributions of the properties therefore suggest that the water and
its properties could be transported offshore from the shelf edge along a quasi-horizontal
path (Fig. 9).

In addition to the connection between the shelf waters and the intermediate layer shown
in the distributions of properties (Figs 2 and 6). there is other evidence for a horizontal
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Ominimum

40

Fig. 9. Diagram of the offshore particle transport based on the characteristic distributions of
suspended particles and chemical parameters within the oxygen minimum layer.

offshore transport of the bottom water over the outer shelf. For example, measurements by
means of a vertical profiling current meter along the 'C' line during April 1976 (VAN LEER,

personal communication) indicate a net offshore flow in the bottom water over
the shelf and upper slope. In addition, poleward subsurface currents have been observed by
moored current meters over the shelf and upper slope near the C" line during 11 May to 30
June 1976 (BRINK, ALLEN and SMITH, 1978) and near 5S latitude during 3 April to 18 May
1977 (BROCKMAN, FAHRBACK and URQUIZO, 1978). lsopycnals bending downwards toward
the coast (Fig. 6) also suggest poleward subsurface currents (BRINK et al.. 1978). and the
bottom Ekman transport that should arise from this subsurface poleward flow would
produce an offshore transport of bottom water over the shelf and upper slope. An offshore
flow is, of course, consistent with the offshore transport of suspended particles.
Intermediate nepheloid layers similar to those off Peru have been observed over the
continental shelf off Oregon, and they were also interpreted to arise from offshore advection
of bottom nepheloid layers on the shelf (PAK and ZANEVELD, 1978).

Based on the above arguments, the generation of the 200-m particle maximum can be at
least partially explained by a horizontal offshore transport from the shelf edge. The
horizontal spreading of particles could arise from turbulent transport or advection or both.
As horizontal scales of diffusion are much larger than vertical scales, and as a large particle
source exists at the shelf edge, turbulent transports alone could account for the 200-m
particle maximum.

Suspended particles in the ocean also settle through the water column. Thus, we have to
consider the process of particle settling from the surface water as an alternative mode of
intermediate particle maxima formation. Vertical settling is often assumed to be the major
process of particle transport in ,he ocean (REx and GOLDBERG, 1958; MCCAVE, 1975), but
vertical settling alone cannot readily account for many of our observations. The waters
above and below particle maxima are relatively clear, indicating that direct settling of
particles has a minimal effect on their formation. If a maximum is to be formed by settling
alone, settling velocities of most of the particles would have to be reduced at the same depth
after they quickly settle through the clean water above the maximum, an unlikely
possibility, particularly in the 200-m maximum where the stability is relatively low (BARBER

4 ....
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and i Niit. 1974). 1-urthermore. because the entire water column is stratilied, settling
velocities below the maxima should he even less than within these features. An increase in
turbulence below the particle maxima cannot reduce particle concentration in the turbulent
layer because turbulence merely makes the layer homogeneous by mixing. Thus. it is
difficult to enilsion how settling alone could produce the clean water found below the
maxima. Wecaust /ooplankton and fish populations may increase below the oxygen-
delicient zones that arc coincident wilh the maxima under discussion, it is possible that
aggregation teg. fecal pellets) of particles beloi the particle maxima would create an
increase in mean sinking rates and thereby contribute to a situation in which increases in
settling rates bs aggregation coild produce a particle maximum. However, the mechanism
shotld produce a maximum centered near the bottom I - 350 ml of the oxygen-poor
(0, < 0 2 ml I . gIs 4 and a i one. and south of 9 S the main particle maximum is
aboe this depth

)irect settling ito the botom omer the shelf and upper slope may play an important role
in the formation of particle maxima C.haracteristic properties of particles in the bottom
sediments are often well correlated %ith thos. in the surface water over the sediments. To
osercomc the difficulty of o ,1wtlling k indis idual particles in explaining the correlation
beteen bottom sediments and %uspended particles. Mifsi- 11975) proposed rapid
settling of particles as fecal peilts Thus. fecal pellets may play an important role in
carrying organic matter from the surface water to the bottom water over the shelf. Bottom
nepheloid layers arc ubiquitous on the continental shelf off Oregon I PAK and ZEvELD.

1977) and our obsrsations ouer the Perutian shelf also indicate extensive bottom
nepheloid layers. One exception Aas found in the region near 23 S (Stas 16, 21. and 241.
where the bottom nepheloid layers were conspicuously iseak. We speculate that fecal
pellets are broken into small indi idual particles after they reach to or near the bottom oser
the shelf and upper slope, and then the small particles enter the bottom nepheloid layer by
turbulence of the bottom water.

Meridional variations

The decrease in the nitrite maximum and nitrate minimum from the 'C' line to the 'H'
line may be accounted for by an increase in oxygen supply in the upper 160 m. Oxygen
distributions in the 'H' line show% that oxygen concentrations in the bottom water over the
shelf edge are often more than 0.2 ml I '. As dissolved oxygen is still available in the
bottom water over the shelf edge. extensive denitrification should not occur (RICHARDS.

1965). In contrast, the upper boundary of the oxygen-deficient water for the *C' line is often
at about 50 m (Fig. 4). In the 'P' line (Fig. 5). the thickness of the oxygen minimum layer is
reduced by approximately 50OP and its core depth deepens by approximately 200 m
compared to that in the 'C' line (Fig. 4a). The increase in oxygen concentrations in the
upper 200 m at the 'H' and the 'P" lines are probably due to intrusions of the Equatorial
Undercurrent (PAK and ZANEVELD, 1974: LovE. 1972), the South Equatorial Subsurface
Countercurrent (TsucwYA. 1975), or both. Neither the Equatorial Undercurrent nor the
South Equatorial Subsurface Countercurrent is precisely defined over the continental
margin off Peru. but intrusions of water with relatively high oxygen concentrations should
be anticipated from these two eastward currents which have been defined to the west of
86 W. As the two currents transport water with relatively high oxygen concentrations

,4 .
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eastward at depths of 100 to 200 m, feedings of such water into the shelf bottom water
would explain the northward increase of oxygen concentration over the shelf.*

According to WOOSTER et al. (1965), the secondary nitrite maximum between 10 and 25 S
is associated with a water mass of narrow range in temperature, salinity, and specific
volume. Based on the relation between secondary nitrite maximum and water mass
characteristics, they suggested a prevailing southward subsurface flow within the feature.
This would explain the nitrite maximum as an accumulation of the chemical element on the
downstream side of 10S. The temperature and salinity values of the particle maximum
at - 4 S are 9.5 C and 34.50'/,,, (about 400-m depth), and at 13 S they are 12.62 C
and 34.68/,, (about 200-m depth). The two regions are thus not directly related
hydrographically and the features at 200 and 400 m are probably in separate flow regimes.

While we have explained the meridional variations in the secondary nitrite maximum
between about 10 and 15 S by the meridional oxygen variations, we tacitly assumed that
the offshore transport described in the previous section does not vary meridionally. This is
because the variation of the 200-m particle maximum between Stas I1 and 50 (Fig. 7)
appears to be rather small in spite of the variations in chemical properties.

The different meridional variations in chemical properties and particle concentration
associated with the oxygen minimum water are not incompatible. Offshore transport of
water is conceivable at the 'H' line as well as at the 'C' line, based on the presence of the
intermediate particle maximum. Consequently, the particle concentration in the maximum
could be relatively homogeneous meridionally. Chemical properties of the water associated
with the maximum vary however, because the bottom water over the shelf edge cannot be
associated with increased nitrite concentrations until oxygen is depleted. As a result,
oxygen concentrations in the 200-m maximum decrease and nitrite concentrations increase
as one proceeds south from about 10 S (downstream), even though there may be little
change in suspended particle concentrations.

The particle maxilnuin near 400-m depth
In the section near the 'P' line, the vertical distribution of suspended particles (Fig. 3) is

quite different from that in the section near the 'H' line (Fig. 2): near the 'P' line the particle
maximum was spread between depths of about 150 to 500 m within 200 km of the shelf
edge (out to Sta. 75). and further west a well-defined particle maximum was only found
near 400 m. Maximum values of the particle concentrations were generally lower than
those in the intermediate maximum further south and a weak nitrite maximum was only
found in the offshore portion of the particle maximum (CoDISPOTi and PACKARD, 1980).
Besides the difference in depth, the 400-m particle maximum differed from the 200-m
maximum in its horizontal distribution: the 400-m maximum was well developed only in
our 4 S section. It was weak in the other regions (Figs 3 and 7), but despite its Neakness
away from 4 S. the 400-m maximum may be more extensive than the 200-m maximum.

The spatial variations, found in the horizontal distributions of the 400 and the 200-m
maxima, might be related to the large scale circulation. For example, moored current meter
observations over the upper slope regions show a long-term mean current directed toward
the south in the upper 50 to 300 m below the thin surface drift, and this flow tended to

Because the feeding Points of the two waters may be separated by a few degrees. it is not clear that the increase
io the north is monotonic as our data suggest. There could be. for example, a decrease in oxygen concentrations
between about 5 and 10 S.

_ __ _ .4
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Fig. 10. Distribution of sigma-t observed during tile Weloc 77 cruise in a section at
approximately 4 S.

decrease with depth to become a zero or northward flow near 250 to 400 m IBRINK ef al..

1978: BROCKMAN e tl., 1978). If the mean current is toward the north at 400 m. the
westward extension of the 400-m maximum near the equator can be interpreted as the
westward transport of suspended particles by counterclockwise turning of the northward
deep current near the equator. Such a current could explain the westward transport but not
the source of the particulate matter. The source of the 400-m maximum remains to be
identified. The particle distribution near 9 S (Fig. 2) which is upstream of the maximum at
4 S, shows no indication of a particle source near 400 m. In addition, the equatorward
bottom current, at 400-m depth. will cause the bottom Ekman transport to be directed
toward the shore rather than offshore. Because of these factors and because the stations
near 4 S are not close enough to shore to establish the connection between the 400-m
maximum and the bottom nepheloid layer over the shelf, we cannot establish the initial
source of the particles in the maximum.

The 400-m maximum was approximately at the bottom of a relatively strong density
gradient (Fig. 10). The gradient layer was well defined on the offshore side of the section,
but it weakened considerably at the nearshore station (Sta. 80). Within about 300 km of
the coast, the concentration of suspended particles was relatively high in the wate -, .4bove
400 m. Beyond 300 km the 400-m particle maximum became clearly defined. Becai,..e we
cannot identify a likely nearshore particle source for the 400-m particle maximum and
because it is associated with a stability maximum, we cannot exclude the possibility that it
arises largely from vertical processes.

REID (1965) described the large-scale westward extension of oxygen-poor water
(02 < 0.25 ml I I) in the eastern tropical North Pacific as a 'dead area' bypassed by the

27
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California and North Equatorial currents, and he emphasized that the lobe pattern of the
oxygen minimum does not require a flow in a similar pattern. If horizontal processes are
important in producing the offshore extensions of the 400-m maximum, the oxygen-
depleted water extending westward in the eastern equatorial South Pacific probably cannot
be described in the same way. Instead it may be associated with the westward transport of
suspended particles. In other words, the suspended particle maximum near 4 S was in the
oxygen minimum water, and their concurrent existence suggests offshore flow of the
oxygen-poor water. Because the particle maximum at the westernmost station (Sta. 681 was
well developed, and because the horizontal distribution of oxygen-poor water in the area
shows a branch extending over 3000 km westward (REID, 1965: TsucHtvA. 1968). the
particle maximum may also extend further west.

As already described, the 400-m particle maximum occurred in a layer of water with a
maximum density gradient. No such density gradient was associated with the 200-m
maximum. Such a large density gradient was limited to near 4 S during the Weloc 77 cruise,
but it was observed more extensively during 23 July to 16 August 1976 (HUYER, GILBERT.
SCHRAMM and BARSTOW, 1978a) and during 4 March to 22 May 1977 and 5 April to 19 May
1977 (HUVER et al., 1978b). However, it was not observed at every station, suggesting
spatial and temporal variations.

The incidence of the particle maximum and the maximum density gradient at the same
depth suggests they are interrelated. In particular, the fact that the 400-m particle
maximum is well developed only in the equatorial regions where the density gradient
maximum is strong, may be significant.

We are leaving two unsolved problems concerning the 400-m particle maximum. (I1) the
mode of generation of the maximum and (2) the exact relation between it and the maximum
vertical gradients in hydrographic parameters and biological processes, for future studies.
Both problems appear to be important considering the spatial and temporal scales of the
particle maximum.

CONCLUStONS

1. A well-defined 200-m particle maximum observed off western South America may be
formed largely by quasi-horizontal transport (advective, diffusive, or both) of a bottom
nepheloid layer.

2. The 200-m particle maximum is associated with vertical extremes in diFolved oxygen.
nitrate, nitrite and protein.

3. The 400-m particle maximum that is best defined in the equatorial region is associated
with a maximum in vertical temperature and density gradients and is sometimes associated
with oxygen minima and nitrite maxima.

4. Due to the apparent lack of a nearshore particle source, the 400-m particle maximum
cannot easily be explained by the same quasi-horizontal process that appears to explain the
200-m maximum.
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Description and occurrence of macrourid larvae and juveniles
in the northeast Pacific Ocean off Oregon, U.S.A.

DAVID L. STEIN*

(Received 18 March, 1980. in revised.orm I May 1980. accepted I May 1980)

Abstract-Although there are over 100 species of North Pacific macrourids, few of their larvae have
previously been identified to species. Descriptions of postlarvae and juveniles of Coryphaenoides
acrolepis, C. flifer, and C. teptolepis are given, with a provisional key to the identification of most
species known from off Oregon. Vertical distribution of the larvae and juveniles of C. acrolepis
apparently changes with ontogenetic development, the smallest individuals occurring shallowest.
Macrourid eggs have not yet been identified from Oregon waters.

INTRODUCTION

LARVAE and juveniles of a few species of North Atlantic macrourids have been described,
most recently by MERRETT (1978). Despite the presence of over 100 macrourid species in the
North Pacific, apparently there have been no descriptions of macrourid eggs, only two
descriptions of prejuveniles, and few references to identified larvae and juveniles. GILBERT
and BURKE (1912) described a new genus and species Ateleobrachium pterotum based on a
postlarval macrourid from off Kamchatka. HuBBs and IWAMOTO (1977) described
postlarvae and juveniles of a new species of pelagic macrourid, Mesobius berr yi, from off
southern California and north of Hawaii. SAVVA'nMSKIn (1969) discussed the relationship of
depths of occurrence to length of Coryphaenoides acrolepis (Bean) 1884 and seasonality of
spawning of C. acrolepsis and Coryphaenoides pectoralis (Gilbert) 1892. NOV1KOV (1970)
discussed the early life history of C. pectoralis. Neither SAVVAnMSKH nor NovnKov (op. cit.)
described the larvae or supplied a reference to such descriptions. Judging by the lack of
information, MARSHALL'S (1965) comment about the lack of collected specimens of larval
macrourids applies particularly to the situation in the North Pacific Ocean.

This paper describes the macrourid postlarvae and juveniles collected by the School of
Oceanography, Oregon State University (OSU), off the Oregon coast since 1961. The
collections, made with a variety of net types during all seasons, contain 106 specimens of
young macrourids. The captures have been so infrequent that only recently has sufficient
material become available to allow identifications.

METHODS AND MATERIALS

Specimens from midwater were collected with 3.0-m and 1.8-m Isaacs-Kidd Midwater
Trawls (IKMTi, 2.4-m IKMT-EMPS trawls with serial opening-closing cod ends

School of Oceanography, Oregon State University, Corvallis, OR 97331, U.S.A.
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(PEARCY, KRYGIER, MESECAR and RAMSEY, 1977), modified Cobb trawl with EMPS cod
ends (PEARCY, 1980), and 0.7-m bongo nets. Almost all the pelagic specimens were captured
between 80 and 145 km off Newport, Oregon. Juveniles and adults from bottom trawls
were from the collections described by IWAMOTO and STEIN (1974). Samples were preserved
at sea in 10% buffered formalin-seawater solution and later transferred to 45% isopropanol
for storage.

Head length was measured as the distance from the tip of the mandible in postlarvae and
the tip of the snout in juveniles to the posterior tip of the opercular flap. Other
measurements used are explained below.

Specimens were measured to the nearest 0.1 mm using an ocular micrometer or dial
calipers. Counts follow IWAMOTO (1970). Terminology for life history stages follows HuRBs
(1943).

All larvae and juveniles examined and specimens of adults used for comparative purposes
are on deposit at the School of Oceanography, OSU.

Characters and terminology used for identification and description

Characters most useful in the study were premaxillary and dentary tooth patterns (useful
in juveniles but not in larvae), number of rays in the first dorsal and pelvic fins, number of
gas glands and retia, and pigmentation (Table 1). Pigmentation patterns proved most
useful in determining conspecificity of larvae.
The study was facilitated by the relatively low number of macrourid species known from

the study area (eight) and the availability of a recent review of those species (IwAMOTO and
STEIN, 1974). The area considered by IWAMOTO and STEIN (1974) included the eastern North
Pacific from the Bering Sea to central California. Although it is possible that larvae of
species not occurring in the study area are carried into it by the prevailing currents, I
consider it unlikely. Consequently, I initially assumed that larvae and juveniles captured off
Oregon were conspecific with species known to occur in the same area. Because of
differences in patterns of teeth in the jaws, number of swimbladde, gas glands and retia, and
numbers of first dorsal fin rays and pelvic fin rays, some species are easily identifiable. A
complete developmental series was available for the least distinct species, C. acrolepis,
which otherwise could have been identified only tentatively.

Macrourid larvae may be pigmented externally (on the skin surface) or internally (within
myomeres, on myomeres, on the stomach or peritoneum, etc.). Internal pigment can be
diffuse or composed of distinct melanophores. The distinction between internal and
external melanophores may be difficult to make, as in ventral pigmentation of the stomach
and peritoneum; the body wall is very thin and transparent ventrally; as a result, internal
pigment appears to be external. Preservation may change intensity of pigmentation,
although it does not appear to change pigment patterns. For instance, fresh specimens of
juvenile C. acrolepis are silvery, but after preservation, they become dull.

Differences in the ratio of head length (HL) to total length (TL) are difficult to express
because macrourids often lose some part of their tail when captured; the convention
ordinarily used to avoid using total length is to use head length as its analog. To quantify
the differences in relative body lengths among the three species described here, the
horizontal diameter of the pigmented eyeball was measured, then the distance from the
snout tip to the point on the tail where depth (exclusive of fin height) equalled eye diameter
was measured. This distance was then expressed as number of head lengths.

Numbers of gas glands and retia are useful in identification. It is possible to identify one
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species (C. pectoralis) solely by its possession of two gas glands. The swimbladder is present
and apparently functional at 1.5 mm HL in at least one species, C. rupestris (Gunnerus),
1765 (MERRETr, 1978). All specimens examined in the study were larger than 1.8 mm HL.
The swimbladder in postlarvae and juveniles is easily reached through an incision in the
side of the abdominal cavity, and its careful examination or excision results in little damage
to the specimen.

For purposes of description here, the transition from larva to juvenile is called
metamorphosis: it seems to be rapid, and there is only a small difference in head lengths
between premetamorphic and postmetamorphic individuals of both C. acrolepis and
C. filifer (Table 1). The most important morphological change at this time is the loss of the
pectoral fin peduncle and appearance of the adult pectoral fin form. Simultaneously, the
mouth, formerly at a distinct angle, becomes horizontal, the snout becomes distinct, and
the stomach is reduced in prominence, decreasing the depth of the posterior part of the
trunk. Stomach prominence may be a function of feeding habits. Larvae are commonly
found with the stomach crammed with food, but juveniles are not. The phenomenon may
be a partial cause of the very different appearances of larvae and juveniles.

RESULTS AND DISCUSSION

Larval diagnosis and development

Coryphaenoides acrolepis (Fig. I). This is the only species examined of which a complete
developmental specimen series was available. The characters most important in
identification were number of first dorsal fin and pelvic fin rays, number of gas glands, and
presence of rostral scutes in juveniles greater than about 16 mm HL (Table 1). Pigment
pattern enabled definite determination of conspecificity of small individuals lacking rostral
scutes with larger specimens having them. All 78 individuals examined have a distinctive
pigment pattern in which the entire body is internally or externally pigmented except the
last part of the tail, which abruptly becomes internally unpigmented. The fraction of the
body that is pigmented is quite consistent; HL represents 27.8 to 34.2'. of the pigmented
length (PL). The fraction does not vary with size of individual. A linear regression of HL
versus PL is highly significant (HL = 0.08 + 0.30 PL: r2 = 0.97). The distinct character,

seen in juveniles and in the smallest individual studied (1.8 mm HL), is unaffected by period
of preservation and is clearly not a preservation artifact.

As in all known macrourine larvae, a peduncular pectoral fin is present and well
developed. It disappears between 9.4 and 9.8 mm HL, at which time the 'normal' adult
pectoral appears. All other fins have their full complement of rays by 3.8 mm HL.

1.8 mm HL (Fig. I A)

Individuals of this size may be recently hatched: ripe eggs of C. acrolepis are at least
2.0 mm in diameter (observations of STEIN and PEARCY). The dorsal and anal fins are not
developed; the pelvic fins are well developed. Stellate chromatophores form a bilaterally
symmetrical patch on the frontal region of the head: the lower jaw is completely but
sparsely pigmented. Very small, scattered melanophores occur along the bases of the dorsal
and anal finfolds; they are especially noticeable on the posterior part of the caudal region.
Extensive internal pigmentation is present within the myomeres and on the peritoneum.
Myomeric pigment is absent from the posterior part of the tail.

_ _ _4



Macrourid larvae and juveniles in the northeast Pacific Ocean off Oregon 893

A

A

E

Fig. I. Corvphaenoides acrolepis.A:1.8mmHL;B:3.8mmHL;C:6.7TmmHL:D:9.8mm HL:
E: 12.5 mm HL.

3.8 mm HL (Fig. IB)

Frontal pigment has increased and become divided into two similar ova; patches, one on
each side of the head. The lower jaw is pigmented except for the anterior part of the gular
region. Pigment along the bases of the median fins is still present, but it is not so prominent
posteriorly. Internal pigmentation is as above.

4.7 mm HL
The anterior dorsal melanophores have become larger and denser, forming a

longitudinal dorsal patch reaching from the first dorsal fin spine posteriorly to about half
the length of the fish. The anterior part of the gular region remains unpigmented.

'4
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6.7 mm HL (Fig. IC)

Pigmentation has become much more extensive. The dorsal pigment extends from the
nuchal region to the caudal end of the myomeric pigment and onto the first dorsal fin.
Ventral melanophores are present but sparse on the caudal region. Peritoneal
melanophores are evenly distributed; external pigment is sparse on and around the bases of
the pelvic fin rays and is quite dense around the anus. Pigment is scattered on the
suborbital and postorbital regions. The anterior part of the gular region remains
unpigmented. The mandibular barbel is present as a small, broad-based flap or bump.

7.4 mm HL

Dorsal and ventral pigmentation is extensive, composed of large and small pigment spots
coalescing in the trunk area below the first dorsal fin. The basipterygia are completely
pigmented, and the pigment around the anus is not so dense as at 6.7 mm HL. The anterior
part of the gular area remains unpigmented; a broad band following the lateral line down
the sides of the tail is externally unpigmented but is evenly pigmented internally.

9.4 mm HL

The area along the lateral line is sparsely pigmented externally, and trunk pigment is
more extensive; internal myomeric pigment is more prominent in the previously
unpigmented caucal region. The dorsal pigment now extends to the frontal region, and the
previously unpigmented pa' of the gular region of the lower jaw is smaller, although its
anteriormost third remains pigment free. The pectoral fins are still peduncular, and the
barbel, although distinct, is quite short.

9.8 mm HL (Fig. ID)

Metamorphosis has occurred, although the stomach is still relatively larger and more
swollen than in later juveniles. The unpigmented caudal region has some internal
pigmentation consisting of distinct melanophores and diffuse myomeric pigment, is very
lightly pigmented along the fin bases, and remains distinct. The lower jaw is completely
pigmented. The pectorals are adult in form, although their bases form small lobes. The
barbel is slender, short, and lightly pigmented.

12.5 mm HL (Fig. IE)

The body is covered with small punctate melanophores evenly distributed except along
the lateral line, where they are relatively sparse. The transition between internally
pigmented and unpigmented caudal regions is less abrupt. The peritoneum, which can be
seen through the body wall, is uniformly darkened. The barbel is fully developed.

15.3 mm HL
The adult body form is clearly present, the stomach is not swollen as it was previously

At this size, the distinctive pigment-free caudal region cannot be clearly distinguished frorr
the remainder of the tail.

16.6 mm HL

The rostral scutes and scales begin to form.

Coryphaenoides leptolepis (Gfinther) 1877 (Fig. 2D, E). Although the eight specimens
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C0

E
Fig. 2. Cor.vphaenoides filifer. A: 6.4 mm HL: B: 10.5 mm HL: C: 1

4
.6 mm HL (a composite

from two damaged specimens). Coryphaenoides leprolepis. D: 6.2mm HL: E: 15.2mm HL.
Posterior of caudal not drawn, although present, in E.

available do not form a complete series, they are clearly conspecific and allow description of
important characters and of several growth stages. The characters most important in
identification were pigment pattern, number of gas glands, and number of first dorsal and
anal fin rays (Table I). The pigment pattern is present even in relatively large juveniles: it
provided the connection between juveniles identifiable using adult characters and smaller
individuals not so identifiable. In all specimens up to at least 19.6 mm HL (> 84 mm TL),
evenly scattered pigment spots occur on the trunk from just anterior to the dorsal fin
posterior to about the 10th anal fin ray. The pigment spots are visible even in specimens
darkened by preservation. Posterior to the 10th anal ray no comparable pigment is present.
The pigmented area is sharply distinct from the rest of the tail.

All fins other than the pectorals are fully developed by 5.9 mm HL. The pectorals are
peduncular and paddle-like distally. The peduncular fin is lost between 6.2 and 13.6 mm
HL, at which size a fully developed adult form of pectoral fin is present.

.* . "
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5.9 mm HL
Clearly separated melanophores are dense on the trunk and stomach. Some

melanophores are evenly distributed over the frontal region of the head, and a few are
present on the ascending processes of the premaxillae. Pigment is present around the
basipterygia and under them on the stomach, visible through the body wall. A wide notch
between the anteriormost teeth is present at the tip of the premaxillaries.

6.2 mm HL (Fig. 2D)
Trunk pigmentation is less dense than at 5.9mm HL, it is composed of evenly

distributed stellate melanophores. Peritoneal pigmentation is denser anteroventrally and
posterodorsally. The large and small punctate frontal melanophores form a bilaterally
symmetrical heart-shaped pattern with the apex pointing posteriorly. A narrow band of
internal melanophores on the head extends in an arc from the suborbital region to above
the opercle. Dense black punctate melanophores are present on the peritoneum under the
unpigmented basipterygia.

15.2 mm HL (Fig. 2E)
Metamorphosis has occurred. The trunk melanophores are relatively larger. blotchier,

and more widely separated than in the postlarval stages. The adult form of pectoral fin is
present. The light brown body is fully scaled. The trunk melanophores make the body
anterior to about the 10th anal fin ray appear blackish.

19.6 mm HL

Trunk melanophores are still present although they have become large, blackish, widely
separated spots. Fish at this size are easily identifiable by using keys to adults.

Coryphaenoides filifer (Gilbert) 1895 (Fig. 2A, B, C). The 10 available specimens do not
form a complete series but are clearly conspecific. Characters most useful in identification
of C. filifer were number of first dorsal fin rays, pelvic fin rays, gas glands, and pigment
pattern (Table 1). The species can be distinguished from all others likely to be captured off
Oregon by the abundance of the rays in the first dorsal fin. One larval individual, identical
in other respects to the other specimens identified as C. filifer, had 15 first dorsal fin rays.
The highest previously reported ray number was 14 (IwAMoTo and STEIN, 1974). The
pigment pattern allowed identification of individuals with II or 12 first dorsal fin rays. The
specimens might otherwise have been confused with C. acrolepis or C. cinereus (Gilbert)
1895. The distinct pigment pattern in all postlarvae and juveniles examined consists of a
'dorsal oval' of melanophores surrounding the first dorsal fin; its long axis parallels the
length of the fish. The dorsal oval generally extends anterior to the first dorsal fin,
posteriorly to about the 12th ray of the second dorsal fin, and ventrolaterally as far as the
lateral line. The peritoneum is distinctly pigmented dorso-laterally. There are scattered
small melanophores along the lateral line and on the gular and suborbital regions of the
head.

All fins except the pectorals have their full complement of rays in the smallest specimen
examined (6.4 mm HL). Metamorphosis occurs at a greater HL (between 14.1 mm and
14.6 mm) than in either C. acrolepis or C. leptolepis.

The species is distinctly longer at any given head length than are either of the other two
species; total lengths of the two specimens that had lost the least amount of caudal were 6.7
times HL (at 6.4 mm HL) and 6.9 times HL (at I I mm HL). The distance from the snout to
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where the caudal fin is equal in depth to the horizontal diameter of the pigmented eyeball
ranges between 3.5 and 4.6 times head length, whereas for C. leptolepis the range is 2.4 to
2.7 and for C. acrolepis it is 1.8 to 2.4.

6.4 mm HL (Fig. 2A)
The melanophores forming the dorsal oval are small, punctate, dense black or dark

brown, and closely spaced. Pigment is abundant on the dorsolateral surface of the
peritoneum but not on the ventral surface, possibly because the stomach of the specimen is
greatly swollen with food. There are a few tiny melanophores on the ventral surfaces of the
lower jaw. On each frontal is an oval patch of small, widely separated stellate
melanophores.

10.5 mm HL (Fig. 2B)
The melanophores forming the dorsal oval and stomach pigmentation are much larger

and less dense, forming relatively large spots that tend to coalesce. A few small pigment
spots are present on the isthmus and the ventral margin of the opercular opening, along the
lateral line, and on the posteriormost part of the caudal. Apparently neither number nor
size of pigment spots increases on the frontal surfaces of the head or ventral surfaces of the
lower jaw or the stomach.

- 14.1 mm HL (damaged)
Metamorphosis starts to occur at about 14 mm. Relative to smaller specimens, the angle

of the mouth is nearer the horizontal, the stomach is smaller, the posterior part of the trunk
is not so deep and is about equal in depth to the anterior part of the tail. The peduncular
pectoral fin is still present and well developed.

- 14.6 mm HL (damaged) (Fig. 2C)
Metamorphosis is almost complete. The dorsal oval is still distinct. Both available

specimens near this size are in poor condition, precluding further descriptions of pigment
patterns. The pedunculate pectoral fin has disappeared and the fully developed adult form
of pectoral fin is present.

- 16 mm HL (damaged)

Similar to 14.6 mm specimens. Pigmentation differs in the presence of small dark brown
pigment dots over the entire body, especially on the tail, forming diffuse lengthwise bands
above, below, and along the lateral line.

Coryphaenoides armatus (Hector) 1875. No larvae or postlarvae of this species, the most
abundant macrourid occurring off Oregon (observations of PEARCY, STEIN and CARNEY),
were identified. One juvenile (18.2 mm HL) was collected by IKMT between the surface
and 2520 m in 3909 m of water. The specimen was clearly of adult form and was easily
identified. Metamorphosis thus occurs in C. armatus by this size, and judging by the
complete squamation of the specimen, it probably occurs at some significantly smaller size.

Provisional key to postlarvae and juveniles of Coryphaenoides occurring off Oregon
A. Pyloric caeca 5-7 (first dorsal fin rays 10-12, pelvic fin rays 8-10) . C. cinereus
AA. More than 9 pyloric caeca . B
B. Gas glands and retia 2; 6-8 pelvic fin rays C. pectoralis
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BB. Gas glands and retia 4-6; 8-10 pelvic fin rays C
C. Gas glands and retia 4 D
CC. Gas glands and retia 5 -6 E
D. Pyloric caeca fewer than I I; first dorsal fin rays I I -15; pelvic fin

rays 9 10. Pigment generally confined to dorsum, forming an oval
surrounding dorsal fin base; melanophores sparse, well separated C. filifer

DD. Pyloric caeca 12-14; first dorsal fin rays 9-11 ; pelvic fin rays 8-9.
Body and tail pigmented except for last part of tail; pigmented
length 2.9-3.6 times HL. C. acrolepis

E. Trunk with large dark pigment spots posteriorly to about 10th anal
fin ray, up to at least 20 mm HL; 12 precaudal vertebrae; gas glands
and retia 6. Premaxillary teeth forming a wide inner band of small
teeth with an outer enlarged series . C. leptolepis

EE. Trunk pigment not as above; 13-15 precaudal vertebrae; gas glands
and retia 5-6. Premaxillary teeth biserial or irregularly biserial C. armatus

The key is based upon available specimens and should be considered provisional. Two
rare species [C. yaquinae (IWAMOTo and STEIN, 1974) and Nezumia stelgidolepis (Gilbert)
1891] have been omitted. Although postlarvae of only three of the six species included have
been identified and described, it seems reasonable to use the adult characters that proved
useful in identification of larvae of the three species for all seven species. Such a key may be
useful to future studies by distinguishing other larvae found in the same waters from the
three species described here. Hopefully, it will also stimulate examination of previously
unexamined macrourid larvae in other collections.

Abundance and vertical distribution

To see whether juveniles avoid small nets, I compared relative abundances of all
C. acrolepis juveniles captured in midwater in the OSU collections; they were captured
with two kinds of nets (IKMT and Cobb trawl). The effects of factors such as seasonal
abundance, distance offshore, and depth of capture on relative abundances and distribution
could not be determined. Captures of larvae and juveniles were too rare, even after pooling,
to allow separate analyses on these bases. Net size affected catch rates; a small (50 m 2

)

opening-closing Cobb trawl (PEARCY, 1980) yielded almost 50juvenile C. acrolepis in four
hauls at 500 to 600-m depth during one cruise. However, the number of individuals
(106 m3 )- was even lower than for individuals captured by 1.8-, 2.4-, and 3-m IKMT's.

Values for IKMT captures average 18.8 individuals (106 ml)', and for Cobb trawl
captures average 8.9 individuals (106 m3 ) - ' . The larger (18 vs 6 mm) mesh size of the
Cobb trawl may explain the relatively lower catches.

The rarity of macrourid larvae, postlarvae, and juveniles is a puzzle that has been often
discussed but remains unresolved (e.g. JOHNSEN, 1927; MARSHALL, 1965, 1973; MERRETT,
1978). The collections for this study were from over 2700 midwater trawl hauls, many of
which (-900) were with multiple opening-closing nets, and thus are the equivalent of 5000
to 6000 separate tows. Yet relatively few specimens in any of the three developmental stages
were captured. Of these, none was a prolarva, some were postlarvae, and most were
juveniles.

Vertical distribution of early growth stages of two of the three species studied here is
generally unknown. Most of our specimens of C. filifer and C. leptolepis were captured

__ __ __ _ __ __
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before we began to use opening -closing midwater trawls and thus the depth of their capture
cannot be stated definitely. SAVVATIMSKII (1969) reported C. acrolepis 10 to 15 mm TL
occurred at 100 to 200 m. The specimens of C. acrolepis show a pattern of vertical
distribution (Fig. 3) that supports the general pattern postulated by MARSHALL (1965) and
apparently given, but not cited, by SAVVATIMSKII (1969) and recently supported by M ERRETT

(1978). The four smallest specimens of C. acrolepis (<6.7 mm HL) were captured between
the surface and 200 m. All but one of the remaining specimens (73) were captured in tows
reaching 500 m or deeper. In a series of day and night horizontal tows from 2 to 5
September 1978, at depths of 500, 650, 800 and 1000 m, with a 50 m2 opening
closing Cobb trawl net, juvenile C. acrolepis were captured only in nets fished at 650 to
800 m, postlarvae were collected at 500 m. In general, of all specimens examined for this
study, those less than 6.7 mm HL occurred at 200 m or less, those of about 7.3 to 15.6 mm
HL at 600 0 or less, those 9.8 to 18.0 mm HL between 500 and 800 m: only individuals
greater than 13 mm HL occurred below 800 m. This the sparse data generally support
the hypothesis of ontogenetic migration of subadult macrourids off Oregon.
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Fig. 3. Depth of capture vs head length for C. acrolepis. 0: maximum depth of capture by non-
closing net: 0: depth of capture by opening-closing net. Vertical lines represent depths of single

captures in oblique hauls by opening-closing nets. where change in depth was ; 100 m.

The results complement the work of MULCAHY, KILLINGLEY, PHLEGER and BERGER (1979),
who analyzed ratios of oxygen and carbon isotopes in otoliths of C. acrolepis. They
concluded that C. acrolepis undergoes an ontogenic migration "of at least 1400 in" ".early
in the life cycle", based on decreasing estimated temperatures of 6 to 2'C at times ofotolith
deposition. The temperatures of the water in which the specimens examined in this study
were captured ranged from 1.7 to 8.1 _C. Specimens less than 6.7 mm HL collected at 200 m
or less were all in water of 6.6-C or warmer (unpublished OSU data report and in situ
temperature sensor on trawls).
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McLeish's comments on our paper (Simpson and tude. However, the effect of the oscillatory flow is
Paulson, 1980) are welcome. His remarks deal with quite complicated when wavelengths of the same
the interpretation of our observations of sea surface order as the wave amplitude are considered. Quali-
temperature spectra, The spectral features he dis- tatively, the effect of the oscillations is to smear
cusses are 1) the high-frequency cutoff, 2) the low- energy at a particular wavelength into a frequency
frequency slope and 3) the mid-frequency plateau. band. For example, consider a wavelength of 0.25 m

McLeish suggests that the decrease in spectral (the smallest that can be resolved by the instrument).
density at frequencies above 0.5 Hz may be caused The center of the frequency band in which the energy
by spatial averaging by the instrument in the pres- appears will be about 0.5 m s-1(0.25 m) - l = 2 Hz.
ence of advection. We feel that alternate interpreta- The spectral density at this frequency (Simpson
tions cannot be excluded. In particular, the effect and Paulson, 1980, Fig. 4) is about a factor of 10
of advection by the orbital motions of waves prob- less than that in the plateau. One must conclude.

ably should be considered in addition to mean ad- therefore, that the decrease in spectral density at
vection. Typical amplitudes and periods of the sur- frequencies > 0.5 Hz may be associated with
face gravity waves were - I m and 10 s, respectively, a decrease in energy at wavelengths < 0.5 m s-'
This results in sinuous horizontal advection having (0.5 Hz)-' = I m. A definitive interpretation must
an amplitude of 0.6 m s-'. The corresponding rms await further investigation beyond the scope of this
velocity is 0.4 m s-' which, when added to the mean reply.
advection. yields an effective advection of -0.5 We agree with McLeish's view that the low-
m s '. The interpretation of frequency spectra as frequency portion of the spectra, given a constant
wavenumber spectra by means of an assumed mean advection rate, is consistent with previous observa-
advection is not affected by the oscillating flow tions of wavenumber spectral densities (McLeish,
for wavelengths large compared to the wave ampli- 1970: Saunders. 1972) that decrease with a log-log

0022-367(180111 1881-12$04.50
1980 American Meteorological Society
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slope of about -2. Taking 10cm s - ' as the mean ad- other factors being constant one would expect a
vection during our observations implies that wave- greater AT in the area of a slick; (d) if the oil film is
lengths between 10 and 100 m obey the -2 power fairly thick, but not so thick that convection occurs
law. We did not include this interpretation in the within it, its effect is to provide an additional layer
paper because of uncertainty about the magnitude through which heat is conducted primarily at the
of errors caused by reflected downward long-wave molecular rate, thereby augmenting AT in the
radiation. Recently we have analyzed additional ob- water." Additional research is required to better
servations and have concluded that these errors do understand and quantify the effects of slicks on sur-
not affect the general shape of our frequency spectra. face brightness temperature under various atmos-
A paper including these results is in preparation. pheric and oceanic conditions.

McLeish has correctly noted that slicks may ac-
count for temperature variations in the intermediate
frequency band between 0.05 and 0.5 Hz. As pointed
out by Katsaros (1980), slicks can affect the surface Katsaros, K.. 1980: Infrared surface temperature and gradients.
brightness temperature in several ways: "'(a) The Air-Se Interactions: In.strunent.% and Method.s. Chap. 16.

emissivity of oils is typically less than that of water pp. 293-317. Dobson. F.. L. Hasse and R. Davis. Eds.,
so the correction for sky reflection will be greater Plenum 801 pp.

and the surface will appear cooler; (b) some organic McLeish, W., 1970: Spatial spectra of ocean surface tempera-

materials, but not all, decrease evaporation; ( ture. J. Gephys. Res.. 75, 6872-6877.
Saunders. P. M., 1972: Space and time variability oftemperaturesince capillary waves will not form on a slick atid in the upper ocean. t)erp-Sea Res.. 19, 467-480.

since waves reduce AT (the temperature dif- Simpson. J. J., and C. A. Paulson, 1980: Small-scale sea surface
ference across the layer just below the surface), temperature structure. J. Phys. Oceanogr.. 10, 399-410.
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Particulate organic carbon flux oerseveral seasons. as indicated in Table 1. The collection and
closure efficiency of certain trap designs, the problems of in sitti

in the oceans-surface decay of non-poisoned collectors, horizontal and resuspended

productivity and oxygen utilization flux probably contribute even more significantly to the scatter of
the data"

Howeser large the present uncertainties may he for the
Erwin Suess relationship of vertical fluxes of particulate carbon in the oceans.
School of Oceanography, Oregon State Ulnirsit ,. Cori,allis, they have interesting implications. First, if depth can be
Oregon 97331 adequately transformed into time, the slope of equation (I I

implies some sort of rate constant. Actual measurements of

large particle size spectra with depth are not available. For small

Organic detritus passing from the sea surface through the water particles (d < 10(0 tmL many theoretical models and empirical
column to the sea floor controls nutrient regeneration, fuels distribution patterns have been presented which suggested that
benthic life and affects burial of organic carbon in the sediment particle populations get smaller in diameter with increasing
record" - . Particle trap systems have enabled the first depth' '- The decrease in particle diameter with depth is
quantiflcation of this important process. The results suggest that thought to be a function of various chemical dissolution or
the dominant mechanism of vertical transport is by rapid settling oxidation processes" '". Thus one would expect a gradual
of rare large particles, most likely of faecal pellets or marine decrease in particle settling rates with depth. However, recent
snow of the order of >200 s~m in diameter, whereas the more investigations suggest that biological repacking by successive
frequent small particles have an insignificant role in vertical feeding actually produces larger particles at the expense of
mass lux-. The ultimate source of organic detritus is biological smaller ones and that settling rates are extremely rapid". A
production in surface waters of the oceans. I determine here an relationship of carbon-flux to surface-production from which
empirical relationship that predicts organic carbon flux at any minimum sinking rates can be inferred was recently also oh-
depth in the oceans below the base of the euphotic zone as a served by Deuser and Ross 4 who showed that seasonality in
function of the mean net primary production rate at the surface surface production is reflected in like changes of the carbon flux
and depth-dependent consumption. Such a relationship aids in in the deep Sargasso Sea. The coupling between production at
estimating rates of decay of organic matter in the water column, the surface and deep flux-here at a depth of 3.2110 m-within a
benthic and water column respiration of oxygen in the deep sea period of a month or less, requires sinking rates of particles in
and burial of organic carbon in the sediment record. excess of 110 m day '. Also Shanks and Trent" measured sink-

The relationship is based on flux data compiled from particle ing ratesof -50-1(1(1 m dav ' for otherlarge aggregates (marine
traps installed throughout the world's oceans' '" by many snow) primarily involved in vertical mass transfer.
investigators and from annual mean organic carbon production As a first approximation, then, depth and residence time ma%
rates of the respective surface waters2" '2 " Table 11. In a few be linearly related and for simplicity a settling velocity of
cases biological production rates were determined at the time of it = I(1(1 m day ' may be assumed in transforming depth : of
installing the sediment trap' 2 ", the remaining data were equation t1 into time. This then enables the definition of an
compiled from other sources, often using annual mean rates
from the general area of investigation. The predicted flux may Carbon flux
overestimate the proportion of surface production intercepted Production
at any given depth, when traps were installed during times of 0.14I lull W) 101
peak productivity (which was mostly the case) but then were to -

normalized to lower mean annual production rates. Accord-
ingly, equation ( I gives an upper limit of the net vertical carbon .

flux, if the production is known: j ... 0,S .,, .

" 0.0238z 0. 1212 .. , ,

W -owedr~d 
6

.,d-, 19191

1= 33. r2  = .79. -50 11 1(1W - 4 , . "I

C,,,,, is the primary production rate of carbon at the surface. C,, It'' rroc' I 919

is the organic carbon flux at depth measured by the sediment A * R k, 11980)

traps, both in unitsof(gm 7yr ' z_5 5(llisthewaterdepth(ml
at which the traps were moored, n is the number of observations.
and r 2 the coefficient of correlation. Only flux data from below ,
the euphotic zone (>5(0 m) are used in defining equation (I). 1000 **-, /
This limitation also causes the non-zero intercept for h = (1.212.
Moreover carbon fluxes in shallow waters, as in the western

yieds reproaby de o nn-ertca moiosuoaprtileBaltic Sea' 2. 'and along cross-shelf transects of the Peru coastal Eq./uation11

upwelling regime' ", are consistently less than predicted by
extrapolating equation (1) to such depths (Fig. 1). These lowyields are probably due to non-vertical motions of particles ' "

caused by advection, horizontal currents and locomotion of live I0,000
plankton, thus exporting particulate matter from the site (if
sediment trap deployments.

Effects of :k 15% uncertainty in primary production estimates Fit. I Organic carbon fluxek with depth tn the water column normalted io
mean annual primar production rates at the sites of sediment trap deplo%

are also shown in Fig. 1. This uncertainty is of the same ment. The undulating line indicates the base of the cuphotic zonc. ihc
magnitude as the variations and ranges of repeated flux horicontal error bars reflect variations in mean annual producis it% as' c!' as
measurements obtained using several traps at the same location. in replicate flux measurements during the same season or oser sesral
For example, particle flux measurements below the California seasons; vertical error bars are depth ranges of several sediment trap

deployments and uncertainties in the exact depth location. The data ponts
Current' were repeated within the same season whereas the by Rowe 1198111 represent selected averages of 2-5 single sites at - If' m
data from the Peru coastal upwelling systeml ?' are averaged above the bottom, where resuspension was assumed to be minimal
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table t )IO rg tai, ;irhoo flu ss in the .aicr oltnl anid nican priniaiN 'lable2 2 lgank arlo r1 UtliA hl h en hic plii c,,,,C , it tl *ii ,ihCS .4 the jiaslal
production ratei s up clling regime off Peru

li aiter (arboln Station 7706-39 Statio,,n 771W,-I3

depth 1ux lIr,duIhon ItaIud c 1 15A S 13 373 S
I atitude I ongitude im tg n ',i I IgIn , %I Refs Iongitude 7757 4'W 76%5kW ll '

Q 12 iN i5 ii 4 \A 97h (i1 81 40 M. 2,) Water depthi ino 1116 37,1
1,694 12 (-org gm :I
5206 111126, ',

I 32 I1 ' Is 00 s A 5,367 41. 45 .29 Production annual mean "1111 4111,

I 1 11 - N i4 III I \k S9 2.40 so S. 2h Flux to safloor using equaion tI 1ills 44
988 I 44 lurial rate from sediment acumulation' 411 17

3755 0j3 Atenthic utilization a% carbon dillerence 611 Is' 142 27
51118 1)h2 (din 'xr

I 1 1 . IN 15 1 2hS %' 378 1,30I 4oi A,2t,378 1. 41 .2I Oxygen demand 1 911 13-345
!  

63

2.771 11.4114.217 0.32 Lqui-alent oxgcn consunplion rates arc based on 2.43 ml (. consumed

5.582 11.24 1.11 mg ( utilized"'.

-i lii St 1tv"Ituda 3.2111 77 411 14. 23 Re. 3.

1) 31, N 11t, V. 2.571 2.1o 11111 15.22
27 42 'N 7s 14 \ h6611 5.3 1111 9..24. 2h
13 All; N 76 15' A, 1.351 111.9 211
Is 23. N h5 45 V , .520 5.6 25o time it is effectively removed from decomposition through burial
24 5I. N 77'39s, 2.1011 2.0 1 0.3 I111 7 is related to benthic respiration. In many cases the burial rate of
It, 42. N 122 13' \ 511 5lit5 5011 I0., 20.21 organic carbon can he independently determined from linear

2511 92±5
7oo 42 t 2 bulk sedimentation rates, sediment densities, porosities and

36 42 N 122 13' W 51 33 ± 7 151) organic carbon cQntents. Consequently, the benthic respiration
2511 19 1 2 is the dilterence between the net vertical flux as predicted b,
111o 17±2 equation I I and the burial rate. The burial rate of organic

32 4; N 144 26' , 75 25 t I 11I1 matter, in turn, seems to be primarily controlled by the linear575 5.3±1Ieswer eutsi al

1.0511 4.4 ± 2 rate of sedimentation, as discussed elsewhere". Results in Table
IS i, N 72 31 V, 2.16,o 6.4 ±0.2 21111 11.2h, 2 2 at two stations from the coastal upwelling regime off Peru
Is 2s5' N 72 o2.3' Vk 2.900 3.5 ± 4).7 2ol1 illustrate how to estimate benthic respiration from vertical
Is1 Iq N 691 7. \k 3.5001 5.4 t LO1 2511
;;18 N 1i227' F 5 6 4601. 150 12 carbon flux minus carbon burial rate. The carbon utilization

,5 ; 74111 . 22 371K (651 17.25 rates and the inferred bottom oxygen demand are well within the
11) 114 S 7112' \k. I' 3711 4510 ranges reported from other coastal upwelling areas. Based on
II 5is S 77 11 o' \k 21o 253 31)1 benthic production and faunal analyses. Christensen and
14o4 S 76 17 3W) 13 167, 350

1 o44 S 75 's ' K% 511 t Il 2411± t1 I W 1.21,, ± fit1") I6. 17.25
15 4S 7s 2.1'\k 711 131± 2W 6Wit 17.25

1 It S 75 '1 7' 
2 

\ 1110- II I 11 7 310 6111
Si Il N 1112 F . 20 31O ll 1541 13.1 I. 21 Estimated oxygen consumption (Idl I %r

Ploictd a one tillturn point. 3.000 1.000
Flux measured during on' scasii onlk . . ..i
I-I .. measured during two .o more seashit... - "

Prouduimits determined during the same seasion when sediment traps .. ,- 0.2 30 tO
deplos cd0

apparent rate constant for organic carbon decomposition from 0.4
equation 121:-

-l 0.212=2.38t 121

Productisit,.
%&here (,,,, = production at t = I. and the constant k = 2.38, 00 C-org rn 2 yr I
Ithat is :10.0238 0, has the dimension day I and the properties
of a second-order rate constant. This is inferred because equa- Mg C-org m 'r ',

lion 121 is analogous to the expression for second-order rates in Settling rate
chemical kinetics: I , - I/., = kt. In testing experimental data l00m da . -
to ascertain second-order rate kinetics, I/C, plotted against r -3
should yield a straight line relationship whose slope is equal to
the rate constant k and the intercept equal to I/C. Accord-
ingli. a lit for the carbon flux data in relation to depth I: I, to
settling %elocity I w,) and to primary production C,,,,,, defines the -4
equation above.

As it second implication, the extrapolation of the predicted
carbon flux from equation II) to the interception with the sea
floor at any site yields the net carbon sedimentation before
burial. This is independent of the actual rate laws and
mechanisms that control organic matter consumption at depth Fit. 2 Vertical distribution of ox'gct .consumption rates in the ocean

deriked from change% of particulate carbon fluxes, The profiles are generated
or the variation in sinking rates of particulate matter. Net carbon from equation 131 for mean primary productivities of between ImI and

sedimentation is an important parameter because it gives the 5tllgC(-org m yr '. respectively, Vertical transfer of particles is at
upper limits of organic carbon accumulation in the sediment constant %inking rate of I Mt m da '. Maximum potential oxygen consump-

column. The preserved rate of burial can only be smaller than tion rates are shown for comparison from electron transport activities. i-
and the corresponding estimated actual oxygen utilivation E0l. F, Oxygen

this flux. The magnitude of continued consumption of organic consumption from bacterial utilization rate. The data points represent a
matter from the time it arrives at the sediment surface to the composite profile front the eastern Pacific Ocean' ' . note scale changes.

............................. ............................



Packard " estimated benthic oxygen utilization rates at water These early results from particle traps apparentls lie together
depths ranging from 20 to 20(1 m for coastal upwelling areas off successfully processes of organic carbon cling in the oceans
north-west Africa and Baja ('alifornia to be between 93 and 345 that prciously have been treated separately by marine biolo-
If m vr 'I. Also, oxygen utilization rates of 60-5501 gists, chemists and sedimcntologists. Sizes and shapes of parti-
I m -yr 'I. with strong seasonal fluctuations, are reported from ties involved in vertical mass flux and seasonall, adjusted
the tirst direct measurements of O-distribution profiles in viti surface productivity and deep carbon fluxes hold the kc to
and from incubation experiments of near-shore anoxic sedi- understanding fully organic carbon cycling in the ocean and
ments from the western Baltic Sea ' 4

'. related oxygen and nutrient distributions.
The most far-reaching, yet tentative implication, is coupling This work was supported by the NSF and the Office of Na.al

oxygen consumption in the water column to the observed Research through grants OCF-77-20376 and Nttttltl4-79-C-
changes in vertical flux of particulate organic carbon. If for every (10(14, Project NRO83-1026 to Oregon State LUni ersity. I thank
1(16 mol organic carbon consumed. 138 mol oxygen are util- J. Dymond, P. D. Komar and R. Pytkowicz for helpful dis-
ized " and if the residence time of the particles within a parcel of cussions.
seawater can be ascertained, rates of oxygen utilization at any I dedicate this work to Richard (obler. an inspiring student of
depth can be predicted. Again for simplicity, assuming a mean oceanography and a friend.
sinking rate for particles w, = 1010 m day Iyields the distribution
of the total cumulative oxygen utilization with depth as: R..,,. I J,,,,....pw. I ,p,,.,,,9I J,,

R 1d1 I Rdt Id.A C. Ktwhu. H I & R,,had, I A .,, n,-e %,,] 'I 2 ,cd Ihll. %I 29 --
AO , 31 5%,. N ,. rk. =' 61 1,

0.,, . x 1.238(:) +-0.2.212 2S Ih, K I kfa, R,,,1 41. 147.197K,
I Mullet. P J & S-Is. Deer,. -, R, , 26. 114 9 1 9 '1. 9

where the constant 6.66 x 101 "converts carbon consumption to 4 W('-. I % D,',', R, 22.4YI 1-12 ,I'"
S hrad .. ... .. 174. -' I YI,

SShanks. A I 1 1 rc[. 1) Dep-Sea R, , 27. I17 I'3 I9''
oxygen utilization in units of iml I 'day '); that is g C-org 7 A,,. p ., S if & ( f ,,R, . 3, 14. 1 4 N-,

365 X 1on.o, S J -,ar R 36.4h) 492 1 Y's., 3 . ,9- l 9k

102 ) Ihng. K R. Adbwl.hu J A tc1-h. (G R I ,,r R., 37. "" 41q I 1 _.
m - day I utilizes 2.43 x - m when assuming settling velocity I. Kn-, ( . Aar n. J |1 & Br.,nd. K 'A l-'p S-, R.., 26.9 ' I IN

100 II R., G.(i I A(i , \dnc k. 1A I) J ,,r R11 -. ' H. 191'
2f43 12 Sn t ... k. , -n Iirk'l. K & i.tl hrl. /cnk,. \ .,, I.-, 47. 211 2"', 1-.

of particles iv.= 100) mnday 
', 

therefore, 3- 5x 10 '×lx)I O' 1; aa R .,, W4,,5.1 - J , 7,

patile (1 d y365 14 -r,,. \k (i A R,,%,. I If Vative 2143, ;64 l9" I 99..6.66S x 0 mlI 'day '. The proportion of organic carbon i K,.lcr R A h ,..Md. SI,,, 2i. 1-c IH2 . --,
6.6 1 lI da T e, .on. BrokL K ,t IDOf,. 5. S.p ..n (.,..,,.lI l."I',rc I , 9l9+J ' , t l

1 17 Ito-, G I S-p ,, . 1r~ ,,, r.' 1 h14- 1- - M-... ,,,I.,. Hconsumed is given by the expression I I and IS %a - N & H'. ( "I A.h,t. IDol ,,, I .',',/ I', p--- I,0.012381 z )1.21 2 ,4811
again. z is limited to depths r51 m. To illustrate the usefulness 194 Z,,thI. If Keh, I , .. eh,, h 21. 1-MI' 19"

'

F11 0 wen. R W, fahf,,n.a (o..wr. (r 0, -o ,, h ' I .. t... ....... A. N. 21 H I.
of equation t3). vertical distribution profiles of oxygen ,Sto, .1of (A.h1,, .. . rnc Rs...,h ,,mH,,,'r. 1H'4

consumption rates are generated for a water-column profile 21 R,1hr. I I .S,,' 166. 2 '1, 19,
2 1,-1 Al A AI~r,, H .114 -d, F -1 ,,~', , .. /11, f .. ~~nr I ~th-r.,vwhere the input of oxidizable particulate organic matter from 2 A ,. .. , , ,+

the euphotic zone is between 100 and 50(0 g Cm 2 yr I and the - 6 ,,i. 1) \k & RthIr, I II ,.,rp.-%..R,. 6. iI, I ..

vertical mass transfer is assumed to be primarily through large 0 Rho,. J |I H in. ... B I 2 .d tht1. A 14 (a .,, ,, N.o " ,

particles at sinking rates of 100 m day '. Comparable oxygen Zc.,Iorl .xt.nl ( ,,11, t UM (( P,01 4,N 4 1. 
-

consum ption rates in water-colum n profiles deduced from elec- 2'. K,.hntMI,hk c I) J A,,Ik,,,r,,k, S A A K. n ,,,, 1 (. % 1.,.t'.. 1 ,
. , PAIN. ,cd A'. ,...cr. 'A , 1 1 "N. ',. V.,'n,. A. rn..

tron transport activities, bacterial utilization rates and 11),
respirometer measurements are in general agreement with these 27 H-n4un. H h,, I,- KOl I'-

,. R h r. I I A ( . , (),orI10 3. 12predicted values, although ETS O.-consumption rates appear 29 HIhr, J H A AIkrntrI & W A Ok 0 ',, r 6. 21(1 .'., 6.

higher by an order of magnitude at greater water depths (Fig. 11, O~mnd. 1 .,, t,,,hI, . '; 5.1 1, ,h p r.-

2142 41. Equation (31 also assumes O -consum ption to be only by It r . J ( I ., ',, R ,,. 20. Ih .'' ,

the utilization of particulate organic matter, whereas actually, ,I I e AcIman. A JH ,,pIl R,', NO. 421 4b- I"

d isso lv e d o rg a n ic c a rb o n is a lso u tiliz e d "' . .4 R 7,-.e. r , , \ ,,I ,, , Idhr . : 1 1) " : IA , . ", . ,k , -

The oxygen distribution resulting from the predicted Ih IIon,. R ma,. \,tR I R R.. 36.4; - W,

consumption rates of equation (3) largely follows that of the 37 \lor ' A A..I / 'O,.p '., Rr, 26.1 l4 -2 I 1. 9 I K . R. H .,,

classical circulation model by Wyrtki 7 , the basic difference IS c. I 2919 at I I )'1;,, .R,, 24. 11I 141 -

being that his model utilizes an exponential oxygen consumption 19 R,,5,rk. N 1'. J,, Itrn,. H H A I(I, k,,,,. I it ;,...,, 2417. 1" l ',\ 1,"1

term with depth following first-order rate kinetics, that is C, - 41. R t",h k. \ .
1
1 orn.o .I . I 3..k9ur . I I A I ,,h,01. I . 1)... 2.

4411 411 , ll11,

C,, e k% whereas the carbon flux measurements presented here 41 Rnh,haI. I A 1,.611,',l.,,5' I. 94. ID91

are better approximated by a second-order fit. The only way that 41 '', | I .r.,l,. Z , A 0R,,4, , ,.,."."A+ ( ,,-"41 Kl...pnink. I' 'r'-Sr,'aR,'. 21.211 22",19'4,
the carbon flux data would follow a first-order rate expression is 44 1, ii 1 ge.,ph-, R, 76. WS"'1"9 WlIl

in the case of accelerated settling of particles; that is, if sinking 41 ( ),lr,.A & \&,Io, . 1' \1 \ ........ h. N. 65. 141 1 " ,,
46 IA l.an-, 1 \1 & ( .,lx,,u . A I ,,,t.. 2 .\ll +l1 l11

rates were actually to increase with depth in the water column. 47 \tk,. K D0.'R,, A,. 9 i 21,1Q92'
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PRODUCTWVITY, SEDIMENTATION RATE
AND SEDIMENTARY ORGANIC MATTER IN THE OCEANS

11. - ELEMENTAL FRACTIONATION

Erwin SUESS and Peter J1. MOLLER
School of Oceanography, Oregon State University. Corvallis, Oregon 97331

RMESUME - Le flux vertical des substances organiques d'origine baogenique a Ia surface des sedirrents est foniction de Is profondeur d'eau et
de Is prodactiviti pfimaife: ceci peut s'expramer par Ia relation empinique:

(1) Flux Cos= 5,9 -profondeur d'eau - 0.616. productivite
En descendant I& colonne d'eau et avant d'kre enterri, le detrtus organique biogetnkque subit un fractionnement des demetest par Insaousractioi
preferentielle die composes organiques amots et phosphornques. A l'interface eaui-sedirnent une pault du detritus at convetae en bsomse par des
organismes benithiques concentrant ainsi l'azote et le phosphore par rapport au carbone. Ces deux proesus se refieint darn Ia composition
tlementaire des materes sidimentaires d'origine organique. Un troisine processus concentre la mati6re organique dans Iea sediments, per adsorption
sur lea argiues. Cette matiere atisorbee a un haut contenti en azote organique et eat d6potiivue de phosphors organaue; edie a un r64s important
seulement pour lea argiles petlgiques. Les quantitis respectives tie chacune des trois formies de mastiere organique, c'st-a-dire -detritique. en
viomasse. et adsorbee -peuvent &tre caiculees en employant Wsa formules suivantes.

(2) C,.r-org. =0.005 A1203

(3) Cd. 1 -org. C,,-org. - C,,,-ors. - e N,-org.
(I -elf)

k4) Co.-rg. = C,.-rg. - Cd..-rg. - Cd.,-org.
Damns expressions e et f sont reapectivement lea proportions die C/N 6dementaire die lIa biomasse et du detntus.

ABSTRACT. - The vertical flux of biogenous organic matter to the sediment surface is a function of water depth and primary productivity;
this relationship can be expresed empirically as:

(1) org-C 0 = 5.9 dept - 0 61 productivity
Upon descent through the water column and prior to burial, biosenous detrital organic matter undergoes strong elemental fractionation by
preferential removal of nitrogenous and P-contamzing organic compounds, At the water-sediment interface, a portion of the detritus; is converted into
biomass by benthic organisms, which concentrate nitrogen and phosphorus relative to carbon. These two proceses are reflected in the elemental
composition of sedimentary organic matter. A third process concentrates organic matter in sediments by sorption onto clays. This sorbed material is
high in organic-N and devoid of organic-I'; its relative abundance is high only in pelagic clays The concentrations of each of the three forms of
orgaic matter - detrital. biomass, and sorbed - can be calculated from the Wolowing expressions:

(2) org-C. 0.005 -AlSo

(3) or-4,,= org.C X- org-q. - - org-.,
(I -elf)

(4) org-Cb,, org-q. 1 - Oo-Cd,, - OrS-Cw,~
where e and f are the C/N elemental weight ratio& of biomass and detritus respectively.

INTRODUCTION that the elemental assemblage contains information
about the nature of the biochemical processes and al-

Biogenous organic matter is the most complex and lows estimates to be made of the magnitude and sources
the least chemically stable mixture of all constituents in of organic matter reservoirs.
the oceans. Biochemical processes begin to fractionate In this study, we examine the fractionation of org-C.
this mixture extensively as soon as it leaves the euphotic org-N and org-P in biogenous matter in the oceans, and
zone. Fractionation persists throughout the subsequent develop a preliminary model that partitions the total
history of setlng, decomposition, dissolution, ingestion, sedimentary organic matter into marine plus terrestrial
resuspension and eventual burial as part of the sediment detritus, benthic biomass, and clay-sorbed material. In
record. The significance of chemical fractionation here is three of the following sections we develop arguments

Cteologischss Insltut, Olahausenstraws 40.60. 2300 Kiel. Fed. Rep. Germany.
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and present data which yield the major elemental com- cussion here, however, only one point appears impor-
positions of the three end-members used in this model. tant; i.e., that the vertical organic carbon flux in deep
These different forms of organic matter when mixed in waters - although greatly reduced - still reflects sur-
varying proportions, make up the total sedimentary face productivity in a predictable fashion. Figure 1 al-
organic matter inventory and are also responsible for its lows the net organic carbon flux to the sediment surface
characteristic org-C:org-N:org-P ratios, prior to burial (in the following called carbon sedimenta-

Major advances are presently being made in related tion) to be estimated at any point in the deep sea.
fields which serve to emphasize the importance of un- Comparison of this net flux to the rate of carbon burial
derstanding elemental fractionation. Attempts are under- (in the following called carbon accumulation) reveals
way to directly measure vertical mass fluxes in the additional complications. It is at this stage that the bulk
oceans, thus contributing to the quantification of factors sedimentation rate plays a crucial role in organic carbon
controlling organic matter accumulation. preservation (e.g., Muller and Suess, 1979; Figure 2).

Relevant to the discussion here are data on the corn- Slow rates of sedimentation allow enhanced decom-
position and fluxes of biogenous matter as reported by position of organic matter prior to burial, whereas rapid
Bishop et al. (1977), Cobler and Dymond (1980), Hinga rates reduce decomposition since the exposure time and
et al. (1979), Honjo (1978), Knauer et al. (1979), Smeta- loss of organic matter due to remineralization are redu-
cek el al. (1978), Spencer et al. (1978), and Staresinic ced. This interrelationship between organic matter pro-
(1978). Also, the mechanisms of fractionation have been duction and consumption in the water column and at
studied extensively and models have been proposed for the water-sediment interface is reflected in the elemental
microbial decomposition under oxic, suboxic and anoxic fractionation of organic carbon, organic nitrogen and
conditions. These models are based primarily on pore- organic phosphorus.
water chemical data and nutrient distributions near the
water-sediment interface (Berner, 1974; Bender et al.,
1977; Froelich et al., 1979; Murray et al., 1978; Suess, FRACTIONATION
1976, 1979). Finally, external factors controlling organic
matter preservation and composition in marine environ- During settling of organic matter through the water
ments have been receiving increasingly more attention, column and exposure prior to burial the major bioge-
Important factors are rate of burial, oxygenation of nous elements C, N and P are differentially mobilized.
bottom waters, primary production, terrigenous organic Table I shows mass fluxes, elemental compositions and
matter input, role of benthic biomass and stabilization accumulation rates of organic matter from four marine
by clay interaction (Demaison and Moore, 1980; Dow, environments compiled from published sources and
1978; Heath et al., 1977; Kepkay et al., 1979; Muller, from our own investigations. In each section. the pro-
1975, 1977; Muller and Suess, 1979; Suess et at., 1980). duction numbers represent integrated, mean annual car-

bon productivity rates from which, where no direct
analysis was available, organic-N and organic-P have

ORGANIC MATTER FLUX been calculated using the well-known Redfield ratios.

Ever since McCave (1975) pointed out that the rare, The elemental flux and compositional data for the

large particles ( > 100 prn) in the oceans potentially do- water column are direct measurements reported by the

minate the vertical mass transport, direct vertical flux authors referenced. Availab!A accumulation rate data are
from near-surface sediments in the general areas of'

measurements have greatly proliferated. The first gene-

ration of particle trap experiments dealt with sampling sediment trap deployment (refs.: see footnote Table 1).

efficiency, general design, deployment and sample han- We selected for this compilation only radiometrically

dung; the present generation of instruments have provi- dated sediments with undisturbed surfaces - generally

ded the first data that can be used to estimate fairly collected with box cores - and with direct measure-

reliable fluxes. By no means are all of the problems of ments available for bulk density and porosity.

such direct measurements entirely solved, however. The changes in elemental ratios normalized to atomic

In Figure I the depth dependent vertical organic car- carbon = 106 indicate preferential organic-N and orga-

bon flux - as measured by various particle trap sys- nic-P losses from particulates settling through the water
tems - has been compiled and normalized to the rate column, but relative enrichments of theses elements in
of primary carbon fixation. This empirical relationship near-surface sediments. The fractionation between car-
allows the organic carbon flux at any depth in the water bon, nitrogen and phosphorus in the water column is in
column to be estimated from the primary carbon fixa- accordance with what we know about and expect from

tion at the surface. multiplied by 5.9 • x- ° 116, where nutrient regeneration (Redfield et al., 1963; Richards,
x = water depth. 1965; Berner, 1977, 1974; Almgren et al., 1975; Billen.

Both the kinetics of organic matter decomposition 1977).
and particle settling probably contribute to this observed The changes of elemental composition in near-sur-
relationship (Suess, 1980a). For the purpose of the dis- face sediments we attribute to differing benthic popula-
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TABLE I

Blogenous element fluxes in the water column and accumulation in the sediment record

OPEN OCEAN I (1)

Biogenous Element Elemental Ratios
Fluxes

( 2ye1) 
(Redfield)

C N P C N P
Production ................ 50 8.8 1.2 106 16 i.0
Particle flux

Euphoic zone ........... 25 2.1 0.16 106 7.9 0.25
Water column .......... 0.80 0.030 0.0022 106 3.5 0.11

Accumulation .............. 0.0031 0.00069 0.000069 106 20 0.91

CALIFORNIA MARGIN (2)

ilogenous Element Elemental Ratios
Fluxes

(8m 2 year) (Redfield)

C N P C N P

Production ................ 250 44 6.1 106 16 1.0
Particle flux

Euphotic zone ........... 158 21 2.15 106 12 0.56
Water column .......... 42 4.6 0.58 106 10 0.56

Accumulation .............. 2.2 0.23 0.032 106 10 0.60

PERU MAR GIN (3)

Blogenous Element Elemental Ratios
Fluxes

(9 m 2 year1) (Redfield)

C N P C N P

Production ................ 350 62 8.5 106 16 1.0
Particle flux

Euphotic zone ........... 195 31 106 14
Water column .......... 87 8.8 106 9.2

Accumulation .............. 38 4.7 0.47 106 11.0 0.23

BALTIC SEA (4)

Blogenous Element Elemental Ratios
Fluxes

(g m 2 year" ) 
(Redfield)

4 C N P C N P

Production ................ 160 28 3.9 106 16 1.0
Particle flux

Euphotic zone ............. 24 3.1 106 11.7
Water column .......... 65 6.5 0.42 106 9.1 0.27

Accumulation ............. 28 3.8 0.55 106 12.4 0.34

(I) Composia, data from: Knauer el at. (1979). Cobler and Dymond (1980).
(2) Composite data from; Knimuer et l. (1979). Sholkoviu (1973),

rulan er al. (1974).
(3) Compoivi On from: Sirmainic (1978). Miller am Sums (1979).
(4) Composite dat from: Smetoak et I. (1978). Suess and Erlenkeuser (197S).

. . 1-
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Org. Carbon flux

Primary production
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£Staresinic ( 1978)
oSmetacek et al. ( 1978)

x *0 Knauer et al. ( 1979 )
o Gobler and Dymond (1979) - t
a Honjo (1978)
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CL
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FIG. 1. - Vertical flux or org-C through the water column as a function of primary productivity and water
depth; compiled from the sediment trap data of many investigators.

% org.C remaining =5.9 X -0.616
x = water depth, n =17. r2  0.93.

10003-RS0.1

~100 .

01 1 10 100 1000

Sedimentation Rate, S (cm/ ilOOy)

FIG. 2. - Dependlence of sedimentary organic carbon contenta on primary productivity rats (R) and sedimenta-
tion rates (S) for constant physical properties (p, adry density of solids. 9 - porosity). At constant primary
production rae the org-C content approximately doubles with each 10-fold increase in sedimentation rate.
Muller and Sue.s (1979).
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tions and to the role of clay-sorbed organic matter. A tion, water depth and degree of elemental fractionation.
comparison of C/N atomic ratios of particulates and Such an expression would not, however, differentiate
bottom sediments from the Peru margin and the Baltic between terrigenous and authigenic marine organic mat-
Sea (Table 1) shows that 80 ± 5 % of the organic-N is ter.
remineralized but only 65 ±5 % of the org-C is
consumed during the first - 100 m of descent through ,BED MATTER
the water column at these sites. In the organic matter of
the respective surface sediments, however, the sequence In pelagic sediments, where detrital marine and ter-
is reversed and org-C appears more strongly depleted restrial organic matter input are greatly reduced, Muller
than organic-N and organic-P. This change we attribute (1975, 1977) found a unique nitrogen-rich organic mat-
to the synthesis of new benthic biomass from settling ter fraction that is attributable to clay-sorbed material.
detritus and to the increased respiration of org-C. Detection was possible by differentiating analytically

Knauer et al. 's data and the only existing organic-P between inorganically-bound N - largely as fixed NH,
value from the Balctic Sea particulate flux measure- of illitic clays - and organically-bound N. The chemi-
ments show that the fate of organic-P is quite similar to cal nature and origin of the sorbed organic matter
that or organic-N. In fact, it appears that org-C:org-P fraction have not been determined as yet but Hedges
ratio changes might be more sensitive fractionation indi- (1979) suggests that melanoidians might form from
cators than org-C:org-N rations, and might, in waters amino acids and sugars catalyzed by clay surfaces and
shallower than 200 m, even be related to the magnitude Miller (1977) speculates that amino acids may be prefe-
of primary organic matter production rather than to rentially sorbed from sea-water by clays. Whatever the
water depth alone. For the purpose of this discussion, nature and mechanisms of formation may be, sorbed
however, we shall characterize organic detritus, the first organic matter appearts difficult to metabolize, it is
component of our model, by: devoid of organic-P, and its quantity in pelagic sedi-

org-C:org-N:org-P = 106:9:0.3. ments is related to the A120, content (Figure 3).
This is typical of detritus produced in highly fertile In a recent paper Muller and Mangini (1979) have
waters, provided its descent through oxygenated waters partitioned the organic carbon reservoir of pelagic sedi-
does not exceed 200 m, as is the case for the examples ments into a metabolizable and a residual fraction.
from the Peru margin and the Baltic Sea. For less fertile These data are here supplemented by organic-P values
waters and greater transit depths stronger fractionation (Suess, 1980b) for two central Pacific near-surface sedi-
affects the organic detritus such that is composition is ment cores to define the mean composition of the sor-
given by : bed organic matter fraction and also give a limit for the

org-C:org-N:org-P = 106:6:0. 1. composition of the benthic biomass (Table 11).
As more sediment-trap data become available, it Clearly the quantity of sorbed organic matter is insi-

should be possible to derive an expression for the detri- gnificant within a total carbon inventory of surface
tal organic input to the sediment surface ( =organic sediments since it is limited by the clay mineral content.
matter sedimentation) as a function of primary produc- The high organic-N concentration and the absence of

Organic carbon / Oumino ratio

0 C0 0.02 0.01 0.02 001 0.02 0.0O 0.02 0.01 O21 r1 -- ., -

.2.
000.o05 001 0.0060 .1 -aoe

6

7 -

9 101272 2 10141-I 10175I
10127-3 10132- 1 10142-1 1017611 10149-1

FIG 3 - Depth distribution of org-C/AI203 in aedimenas from the central North Pacific. Constant values
below about I m depth indicate clay-sor residual organic carbon. Above this depth metabolizable organic
carbon, consisting of biomas 4ind detritus, is gradually depleted. Core 10149.1 shows a -70,000 year
hiatus. Modified from Muller and Mangini (1979).

I '- N:.,, ,,= _ J, . a ,,.
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organic-P do strongly affect the ratios of the major relative high org-P contents of central Pacific sediments
elements of sedimentary organic matter when they are described earlier (Table 11) seem to us indicative of a
used as indicators for typical reservoirs in sediments significant proportion of benthic biomass there. If the
containing less than 1.0 wt.-% org-C; but in sediments metabolizable organic carbon in cores 10132-1 and
with more than I wt.-% org-C, sorbed organic matter 10149-1. as listed in this table, consists dominantly of
and its elemental chemistry may safely be ignored. We benthic biomass carbon and small amount of detrital
conclude that sorbed organic matter, as the second cons- carbon, the biomass fraction must have org-C/org-P
tituent of our model, is characterized by org-C/ wt.-ratios of less than 20-40. This range is not unlike
AlO 3 = 0.0028. that of microbial biomass (Gunsalus and Stanier, 1960).

Since, however, a small amount of org-P is tied up in
detrital organic matter, the biomass fraction must have

BENTHIC BIOMASS an even lower value for the elemental wt.-ratio. We
take the ratio org- /org-P,. to be about 16. This

Where rates of sedimentation are extremely slow, then characterizes the composition of the third compo-
such as beneath the centers of the oceanic gyres, hardly nent of our organic partition model, the benthic bio-
any of the sedimented carbon is buried. Instead it ap- mass.
pears to be entirely utilized by benthic organisms which
produce a strong elemental fractionation. Organic-C is
respired and org-N and org-P are enriched in the newly PARTITIONING MODEL
synthesized organic matter under such conditions. This
process can best be evaluated by observing org-C/org-P Attempts at partitioning elements of sedimentary
ration changes as a function of the percentage of orga- components among several sources are not new. Mac-

nic carbon preserved in the sediment (Figure 4). The kenzie and Garrels (1966) have shown how distributing

TABLE I

Down-core distribution of alumina and blogenous elements in central Pacific sediments.
The near-surface sections show evidence for the presence of benthic biomass and detrital organic matter, whereas the deeper

sections contain only claysorbed organic matter.

VA 10149-1

Depth A120 org-C., org-N., N,., org-P,,,

0-2 14.0 0.354 0.131 0.027 0.008
2-4 13.7 0.329 0.077 0.025 0.004
4-6 13.4 0.309 0.077 0.026 0.005

............... ........................... o...............................................................................................................................

6-9 14.1 0.156 0.062 0.013 0.000
9-12 13.7 0.127 0.050 0.011 0.001

12-16 12.5 0.091 0.036 0.009 0.000
16-20 10.9 0.069 0.033 0.007 0.000
20-24 11.9 0.060 0.021 0.008 0.000

VA 10132-1

0"-4 11.7 0.219 0.049 0.017 0.006
4-8 11.0 0.163 0.038 0.015 0.005
8-12 8.2 0.128 0.031 0.014 0.007

18-24 8.2 0.096 0.021 0.013 0.003
24-30 7.4 0.107 0.022 0.014 0.002

o............ .......................... ... o ................. ........ ................................................................................................

38-52 9.8 0.110 0.034 0.017 0.000
78-92 12.6 0.090 0.040 0.012 0.000

111-124 14.4 0.081 0.040 0.013 0.000

Data from: Muller and Mangini (1979) and Muller (1975).
Depth in cm below interface.
Concenratiom in wt..% of dry sediment.
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elements among mineral phases on a quasi-normative (7) org-P. = 0
basis is a useful tool for pining a first understanding of where a = 0.005
the sedimentary mass balance in the oceans. Heath and b = org-Cm /org-N, wt.-ratio = 1.8
Dymond (1977). Dymond et al. (1977) and Bostrom et org-r,. - org-C, - c • org-P,
al. (1973. 1978) used chemical models based on interele- (8) org-Cd, =  (o-c/d)
ment relations to partition certain major and minor where c = org-C. /org-P,, wt.-ratio = 16
elements of surface sediments of the Pacific Ocean into d = org-Ca, /org-P,,, wt.-rauo = 400
detrital. hydrothermal, hydrogenous and biogenous Alternatively, org-C detritus can also be calculated from
sources. More recently, linear programming has been the nitrogen-to-carbon relationships. Accordingly.
utilized to optimize the algebraic solutions (Dymond et
al., 1979). Here, we use a simple model to partition ( org-Ce, org-C.-org-C/-e (N,.- N1,)
organic matter between detrital, biomass, and sorbed where e = org-C., /org-N. wt.-ratio = 4
sources. Partitioning is governed by the following rela- f org-C . / org-N., wt.-ratio = 15
tions : Finally, then, the remainder of the elemental propor-
(I) org-C = org-C., + org-C. + org-C.,. tions are found by using the detrital organic carbon
(2) org-N,, = N,. - Nn, contents and the respective elemental ratios of detritus

(3) org-Nt, = org-N., + org-Nd, + org-N ,,m and biomass to yield :
(4) org-P,., = org-Po, + org-Pa,, (10) org-N,, = N,,, - Nrw - org-N,., - org-N,..

These relations require that there are no organic reser- ( ) org-Ps. = org-P, - org-P,..
voirs other than sorbed material, biomass and detritus; In the following examples these equations and the cha-
that each reservoir has a characteristic elemental compo- racteristic elemental ratios are used to partition the total
sition . and that A1203, Nn,,, , Nto, , org-C, and org-P for organic carbon of 8 surface sediments from widely
the bulk sediment can be determined analytically. Listed differing environments into their respective fractions of
below are our estimates of the chemical characteristics sorbed, detrital and biomass material. The results are
of the three organic matter reservoirs (values refer to illustrated in Fig. 5. The areas of each circle reflect the
surface sediments only): amounts of different organic carbon reservoirs in each
(5) org-C=,, a - A 0 3  sample. The sorbed fraction amounts to - 1/4 of the
(6) org-N,,, = I/b - org-C.r total organic carbon in pelagic sediments, whereas in
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FIG. 4. - Decomposition of sedimentary organic timer (org-C/org-P FIG. 5 - Proposed partitioning of sedimentary organic carbon into
wt-ratios) as a function of the percentage preserved in the sedi- detritus, blomms and sorbed material. Sorbed and biumass carbon
mint. For low percentages I < 0.1 % ) preserved, the organic matter are important only in pelagic sediments; continental margin sedi-
composition approaches that of the benthic biomass and for high menu are dominated by organic detruis. Absolute amounts of
percentages (> 1.0 9 it is dominated by detrital organic mter. biomass and relative amounts of detrius decrease shadily with

increasing water depth.
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continental margin sediments it is negligible. Benthic 5 in the Peru and Chile Basins. The portion of the Chile
biomass and marine plus terrestrial detritus dominate Basin with values below 3 is located beneath the nor-
the organic carbon content in pelagic sediments. It is theast margin of the South Pacific gyre and below the
interesting that the absolute amount of biomass carbon calcite compensation depth. Accordingly, detrital orga-
steadily decreases with increasing water depths regar- nic matter and benthic biomass are low, so that nitro-
dless of the proportions of detritus and the absolute gen-rich sorbed material dominates the organic matter
amounts of org-Cy. Also, it is striking that the propor- in the sediments.
tions - and absolute amounts - of detrital carbon Clearly, the partitioning model for organic matter in
decrease with distance from the coast, in response to surface sediments and the resultant interpretation of
decreasing fertility, terrestrial organic matter input and elemental ration patterns are of a preliminary nature.
bulk sedimentation rate, or some combination of these Nevertheless we believe that this model provides an
factors. In environments where the sedimentation of alternative to existing techniques for interpreting orga-
organic matter is dominated by only one source, the nic analyses of sediments in terms of sources and trans-
elemental ratios may be interpreted directly without formation reactions. Improvements are necessary in the
partitioning to identify approximately the controlling areas listed below before applying this model more
source. Two such examples in the regional distribution extensively :
patterns of org-C/org-P and org-C/org-N wt.-rations of (a) Better knowledge of the general variability in ele-
surface sediments from the eastern South Pacific are mental composition of the three proposed sources;
shown below (Figs. 6, 7). The possible regional extent (b) Independent verification of our estimates of benthic
(Fig. 6) of detrital organic matter and clay-sorbed mate- biomass, particularly that produced by microbes;
rial in these sediments is suggested by the elemental (c) Improvements in analytical techniques for the deter-
ratios. Values of org-C/org-P below 50 indicate the mination of organic-P in the presence of large
presence of some org-P depleted detritus, whereas va- amounts of inorganic phosphate;
lues of more than 200 identify the sites where organic (d) Determination of the chemical nature and associa-
detrital sedimentation is dominant. In this example from tion mechanisms of clay-sorbed matter;
the Peru margin the organic detritus which dominates (e) Expansion of the fractionation scheme to include
sedimentation in the areas of present-day coastal upwel- organic oxygen and hydrogen as major biogenous
ling is likely to be of marine origin, elements so that the model can utiuize organic matter

classifications based on van Krevelen's interpretation

The second example (Fig. 7) illustrates the regional (Tissot and Welte. 1978);
extent of clay-sorbed, nitrogen-rich organic matter. Pat- (M Further attempts to differentiate between organic
terns of org-C/org-N wt-ratios show values of less than detrital components of marine and terrestrial origin.
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DISCUSSION

R. Dawson: Do you not think that the apparent increase
in N in your C:N ratios of sediments may in fact be explained
by a decrease in organic carbon ?

Handa showed carbohydrate to be preferentially preserved
in particulate material in the water column when compared
with proteins. In the sediment upper layers however the
benthic community may well only be interested in the carbo-
hydrate fraction of the sediments for their energy requirement
since they can use the abundant available inorganic nitrogen
forms for their nitrogen requirements.

E. Suess: I think that this would not affect the rate of
change of the C;N ratio in the sediment, but why should the
processes with the particulate matter be different for the
sediment ?

R. Dawson : Because the flora and fauna are totally diffe-
rent in the two phases.




